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Chapter 1
General Introduction

Chapter 1
Fortification with vitamin D of food products rich in calcium (e.g. milk) is a common 
practise in most western countries. Vitamin D and calcium are unequivocally connected 
to healthy bone development. Whilst both are needed for proper bone development, the 
most important action of the vitamin D endocrine system concerns its role in calcium and 
phosphate physiology. Calcium is necessary for many physiological processes, e.g. 
muscular contraction, blood clotting, nerve transmission. The body’s needs for calcium 
may cause blood calcium concentrations to become under threat. Vitamin D is a key 
hyperregulator through stimulation of transcellular calcium uptake (via a luminal calcium 
channel) and facilitates cytosolic calcium transport (through induction of calbindinD-9k, 
Bronner 2009). Furthermore, vitamin D modulates the expression of Na+-dependent Pi 
transporters, the main mechanism underlying regulated cellular transports of phosphate at 
the basis of uptake (intestine) and reabsorption (kidney) (Taketani et al. 1998). When 
plasma levels of calcium and phosphate cannot be guaranteed with uptake from the diet, 
these minerals will be recruited from within the organism. Bone with its apatites 
represents a large store of calcium and phosphate and vitamin D directly affects 
osteoblast activity and osteoclast formation (Hermann-Erlee & Flik 1989, Anderson & 
Atkins 2008), and these cells determine bone mineral content. Bone is constantly 
remodelled and an imbalance between bone formation and bone resorption during bone 
remodelling explains the etiology of most bone diseases (Rodan and Martin 2000). 
Elevated blood calcium allows the body to store more calcium in bone or excrete more in 
urine; lowered blood calcium will induce calcium absorption or bone resorption. Due to 
these interdependent physiological antagonisms of the vitamin D endocrine regulatory 
system, the combination of dietary calcium and vitamin D 3 is needed for healthy bone 
development.
In the past few decades it has become clear that the vitamin D endocrine system 
plays an important role in other biological processes, not related to calcium and 
phosphorus homeostasis. New research areas are now emerging that investigate the role 
of vitamin D in muscle function, autoimmune diseases (e.g. multiple sclerosis and 
diabetes) and cardiovascular physiology (Zittermann 2003; Grant 2006; Lips 2006). 
Vitamin D affects cell proliferation and differentiation (Samuel & Sitrin 2008) and the 
role of vitamin D in cancer prevention had become a major area of research (Mohr 2008). 
The recommended daily intake of vitamin D for humans is under constant debate
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(Zittermann 2003; Heaney et al 2003). At a much slower pace than in mammalian 
research, progress has been made to elucidate the vitamin D endocrine system in fishes, 
the first vertebrates with mineralised bone. It now becomes clear that also in fish vitamin 
D is not solely associated with calcium and phosphate homeostasis. In this chapter we 
will elaborate on the most important tissues studied in this thesis in relation to the vitamin 
D endocrine system: bone and scales; the latter are an unique mineral compartment in 
fish.
Fish bone
The first vertebrates were the jawless fishes (Agnatha, 500 Mya), with hagfishes 
and lampreys as extant representative species. Next, cartilaginous fishes (sharks and rays) 
evolved. In the Devonian (410-360 Mya), the first true bony fish appeared; many of the 
extant bony fish are representatives of those early vertebrates or evolutionary modern and 
specialised products of the many successful fish lineages. Bone is made up grossly of a 
glyco-proteinaceous matrix, minerals (that add strength) and bone cells (progenitor cells, 
osteoblasts, osteocytes and osteoclasts). Osteoprogenitor cells, or osteoblast precursor 
cells, are derived from mesenchymal stem cells. Under stimulation of various proteins like 
bone morphogenetic proteins (BMP) and transforming growth factor-ß (TGF-ß) osteoprogenitor 
cells differentiate into mature osteoblasts. O steoblasts sit on the bone surface and are 
anabolic cells, viz. they produce osteoid (bone tissue). This osteoid consists of collagens, 
non-collagenous proteins, cell-attachment proteins and growth-factor related proteins. A 
key process of bone formation is the mineralisation of the osteoid. Bone mineralisation is 
initiated by the osteoblasts through the excretion of small matrix vesicles. These vesicles 
contain (among others) alkaline phosphatase (ALP), an enzyme that liberates phosphate 
from biophosphates, and optimally under alkaline conditions (the name derives from this 
property, which is mainly an in-vitro characteristic; information on extracellular fluid pH 
conditions, in situ at the site of mineral deposition, is not available). Calcium ions combine 
with phosphate and calciumphosphates (e.g. hydroxyapatite) are formed. When these 
vesicles are released into the osteoid the hydroxyapatite crystals accumulate around the 
collagen fibres (which also have piezoelectric properties that may facilitate crystallization)
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and osteoid is mineralized (Zhu et al 2001). The formation of calcium phosphate 
complexes is likely to be influenced by the pH  of the osteoid fluid. Hydroxyapatite 
(Ca10(PO4)6(OH)2) forms at neutral to alkaline pH-conditions, whereas brushite 
(CaHPO4 '2 H 2O), the precursor of apatite, even precipitates under acidic conditions 
(Murphy et al 2000). The first precipitate in mineralization (in a strictly chemical context) 
is a mixture of brushite and amorphous Ca3(PO4)2. Over time brushite tends to convert 
into calcium phosphates with a higher Ca/P  molar ratio, such as defective hydroxyapatite 
and hydroxyapatite (Malsy and Bohner 2005). The matrix vesicles control the rate of 
calcification and ALP activity is often used as an indicator of matrix calcification and thus 
bone growth (Anh et al 1998). During bone formation some osteoblasts become trapped 
in lacunae. When the newly deposited osteoid closes around them, these cells convert to 
osteocytes (Huysseune 2000, Hall 2005). Osteocytes maintain bone tissue by exchanging 
nutrients and wastes with the blood stream through a network of canaliculi (canals 
interconnecting osteocyte lacunae and bone lining cells). Osteocytes function as 
mechanosensory cells; they sense pressures and cracks in bone and assist in directing 
osteoclasts to the appropriate location to dissolve bone. The catabolic osteoclasts are of 
monocytic/hematopoietic origin and phagocytize and digest the osteocytes and resorb the 
osteoid during bone resorption (Witten & Villwock 1997). Osteoclast cells have a ruffled 
border of deeply infolded membranes, which enhances its surface area and allow built-up 
of proton gradients and acid conditions at the contact site with the bone surface, required 
to dissolve the bone minerals. The border adheres to the bone surface via integrins and 
forms a tight attachment to the bone with a permeable seal called the sealing zone. 
Integrins allow osteoclasts to attach to the matrix through abundant yet weak bonds that 
enables these cells to migrate over the bone surface. Osteoclasts resorb bone by 
proteolysis of the matrix, acidification and dissolution of hydroxyapatite crystals. 
Acidifying vesicles, located inside the osteoclast, move to the ruffled border membrane 
where the enzymes are secreted into the resorption pit. Once excreted, collagen degrading 
enzymes start to degrade the organic bone matrix (Czupalla et al 2006). The bone- 
degrading enzymes consist typically of tartrate-resistant acid phosphatase (TRACP), 
collagenase and cathepsin K. Especially TRACP is commonly used as a marker for 
osteoclastic activity.
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It is the interaction between the anabolic and catabolic activities that allow bone 
development and growth in fish (and any other vertebrate; Huysseune 2000, Witten et al 
2000). Bone is a very live and active tissue indeed and is designed to allow for rapid 
adjustments to changing physical (mechanical) and biochemical (physiological) demands, 
without the disadvantages of cyclic or seasonal moulting (as occurs in Arthropoda) or 
shell growth (as in Mollusca). Bone and cartilage enabled vertebrates to develop an 
internal skeleton that facilitated the development of body plans and dimensions far 
exceeding those in invertebrates. Bony fish inhabit most freshwater and all oceanic niches, 
including shallow coastal areas, the open ocean and the deep sea; a few extant species 
even make brief excursions onto land and illustrate the constant search for new habitats; 
it likely was the predation pressure in marine Devonian niches that made fish decide to 
concur ‘still empty’ terrestrial niches, a key step in evolution of modern vertebrates. Fish 
are found in extreme environments, from the polar oceans to hot springs and from 
brightly lit coral reefs to the total darkness of caves and the deep ocean. N o other group 
of vertebrates has undergone such extensive adaptive radiations as fish. With an estimated 
35,000 species, this group represents about 60% of all the vertebrate species.
Cellular and acellular bone
Bone is formed through either direct conversion of mesenchymal tissue into bone tissue 
(intramembrous ossification, forming dermal bone) or via replacement of cartilage 
(enchondral ossification) (Gilbert 2000, Hall 2005). Unique for teleost fish is chondroid 
bone, an intermediate between cartilage and bone that can be found in cranial dermal 
bone structures (Huysseune 2000, Witten and Hall 2002). Histologically, teleost bone of 
older orders of fish, e.g. Clupeiformes (herring), Cypriniformes (carp), Salmoniformes 
(salmon and trout) and Scopeliformes (lancetfish) closely resembles mammalian cellular 
bone and is characterized by the presence of osteocytes (Moss 1961, Witten et al 2000, 
Hall 2005). Evolutionary younger orders of fish, e.g. Gadiformes (cod), Perciformes 
(perches) and Pleuronectiformes (flatfishes) have acellular bone, which is characterized by 
the absence of osteocytes and considered unique to teleosts (Witten 1997). Although 
devoid of osteocytes, acellular bone does come in a woven structure, contains many
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vascular channels and is a very regularly composed bony tissue (Moss 1961, Witten 1997). 
Interestingly, acellular bone appeared in fish once before. The Agnatha are divided into 
two subclasses: Cephalaspidomorphi, with cellular bone, and Pteraspidomorphi, with 
acellular bone (Moss 1961). Therefore, with the current state of knowledge, neither the 
presence of cellular nor acellular bone allows one to claim evolutionary priority for either 
type (Smith and Hall 1990).
Fish scales
The development of bony plates in the earliest fishes, e.g. Placodermi, provided them with 
superior protective armour. However, such heavy armour likely hampered the locomotory 
ability of these fishes. During fish evolution the integumental skeleton got reduced and 
the thin, flexible scales of modern teleostean fishes evolved (Zylberberg et al. 1992a). In 
fish, the term “scale” is often used as a generalized term for all skeletal elements found in 
the skin. These include the placoid scales of chondrichthyans, the ganoid scales of basal 
actinopterygians, the bony scales of some actinopterygian taxa (dermal bony scales and 
scutes) and the scales of basal sarcopterygian taxa and most actinopterygian species 
(cycloid and ctenoid scales) (Sire and Akimenko 2004). Placoid scales are composed of a 
vascular core of pulp, a middle layer of dentine and a hard outer layer of vitrodentine. The 
scales do not increase in size during growth, instead new scales are added. Placoid scales 
have a variety of developed structures, such as spines, which arise on the surface. Ganoid 
scales consist of a bony basal layer, a layer of dentine and an outer layer of ganoine (an 
inorganic bone salt). Cycloid scales and ctenoid scales, together called elasmoid scales, 
evolutionarily derived from ganoid scales. The ganoine is lost, which thins the scales. 
Ctenoid scales have a jagged outer edge; the cycloid scales have a smooth outer edge. 
Both types of scales consist of two main regions, a bony layer, composed of an organic 
structure saturated with calcium phosphates and a deeper layer made up primarily of 
collagen. Ninety-five percent off all teleostean fishes, including the species discussed in 
this thesis, have elasmoid scales. The number of elasmoid scales on a fish is more or less 
fixed and as the fish grows, the scales grow along with the fish. Each individual elasmoid 
scale is inserted in a pocket in the dermis. When a scale is lost, e.g. due to trauma, a new
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scale will be regenerated. The cells of the basal layer in the epidermis initiate the 
differentiation of the upper dermal cell layer into scale pocket lining cells (Zylberberg and 
Meunier 1999). These cells, that give rise to the osteoid, appear in the centre of the papilla 
(scale pocket), and give rise to the regenerating ‘bag’. During scale regeneration, remaining 
marginal scleroblasts in the scale pocket from where the scale was removed assemble by 
the bag to differentiate into the hyposquamal and episquamal scleroblasts (Fig. 1c) which 
eventually will form the regenerated scale (Schonborner et al. 1979). The scale-forming 
cells, the scleroblasts, are of mesenchymal origin and exhibit a large variation in shape, 
size, polarity and cytology. The scleroblasts lay on the inner face (hyposquamal 
scleroblast) and outer face (episquamal scleroblast) of the scale (Bereiter-Hahn et al. 1993) 
(Fig. 1c). With the removal of a scale, these cells remain attached to the scale (Sire 1989). 
A third cell-type, the marginal scleroblasts, can be found at the edges of the scale. 
Marginal scleroblast cells make appositional growth of the scale possible and differentiate 
into hypo- or episquamal scleroblasts depending on their final location as the scale plate 
continues to grow. The scleroblasts produce the organic matrix, which consists 
predominantly of type-I collagen (Fig. 2) (Zylberberg et al. 1992b, Ikoma et al. 2003). In 
addition, the scleroblasts secrete alkaline phosphatase (ALP). The mineralization starts in 
the centre (focus) of the scale and extends to the upper peripheral areas where circuli are 
the first loci to be mineralized (Bereiter-Hahn et al. 1993) (Fig. 3). The process of scale 
formation is to a large extent comparable with the process of (dermal) bone formation in 
mammals. The scale plate is made up of three distinctive layers. First the external layer (EL) 
is formed, consisting of well mineralized, more or less randomly organised collagen, 
which allows a fast extension in diameter. Second, the fibrillary plate (FP) and upper limiting 
layer (ULL) are formed. The FP consists of collagen fibres arranged in a plywood-like 
fashion and is only partly mineralized and allows an extension in thickness. The ULL is 
highly mineralized and devoid of any collagen or other proteins and this tissue gives the 
necessary strength to the scale (Zylberberg and Nicolas 1982, Sire and Akimenko 2004). 
The scale compartment in toto may contain up to 20% of the total body calcium in fish 
(Flik et al. 1985). More interestingly, in periods of high demand minerals like phosphorus 
or calcium are mobilized from scales rather than from the endoskeleton (e.g. Persson et al. 
1995, Rotllant et al. 2005, Suzuki and Hattori 2002, 2003, Witten and Huysseune 2009). 
During spawning, tartrate resistant acid phosphatase (TRACP) and cathepsin K  (Cath K)
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gene transcription increases in goldfish (Carassius auratus) scales (Azuma et al. 2007). 
Similarly, in river running Atlantic salmon (Salmo salar) TRACP activity associated with 
scales increases (Persson et al. 1998). A high affinity, low-capacity estradiol-17ß binding 
was found in scleroblast cytosol of rainbow trout (Oncorhynchus mykiss) (Persson et al. 2000) 
and estrogen receptors have immunohistochemically been detected in Mozambique tilapia 
(Oreochromis mossambicus) and gilthead sea bream (Sparus auratus) scales (Pinto et al. 2009). 
In-vitro stimulation of TRACP activity by estradiol-17ß has been demonstrated in 
cultured scales of goldfish (Carassius auratus) and nibbler fish (Girella punctata); 
interestingly, in the presence of calcitonin (Suzuki et al. 2000) or melatonin (Suzuki and 
Hattori 2002) this effect is inhibited. Ligand binding studies and gene expression data 
demonstrated the presence of a parathyroid receptor (PTH1R) in gilthead sea bream 
(Sparus auratus) scales and in-vitro exposure to parathyroid hormone related protein 
(PTHrP) indeed stimulated TRACP activity (Rotllant et al. 2005) and down-regulated 
osteonectin gene transcription in scales (Redruello et al. 2005). Prolactin, growth hormone 
and somatolactin promote osteoblastic activity in goldfish scales in vitro (Takahashi et al. 
2008). Moreover, prolactin reduces osteoclastic activity on the scales via osteoclastic 
apoptosis (Takahashi et al. 2008).
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Figure 1: Morphology of an ontogenetic scale of Oreochromis mossambicus (A), radius (ra), focus (f), scale 
covered with epidermis (ep). Enlargement of the growing tip of an ontogenetic scale (B), marginal 
scleroblast (ms), circulus (c). Sagittal section of an ontogenetic scale (C), episquamal scleroblast (es), 
hyposquamal scleroblast (hs) upper limiting layer (ull), external layer (el) and elasmodin (em).
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Figure 2: The growing tip of an Atlantic salmon (Salmo salar) ontogenetic scale. Collagen-1 alpha mRNA 
expression is visualised (AS, antisense) using a specific collagen 1 alpha probe, epidermis (ep), circulus (c), 
episquamal side (E), hyposquamal side (H), specific collagen 1a staining (colla). Control staining (S, 
sense) did not show staining.
A B
Figure 3: Visualization of newly, peripheral calcified areas in an ontogenetic growing scale (A) and a 7 days 
old regenerating scale (B) by calcein staining in Atlantic salmon (Salmo salar). Note that labelling of the 
calcification in an ontogenetic scale is observed at the edges where appositional bone growth is predicted; 
in a regenerating scale mineralization apparently initiates at and spreads from the focus (centre) of the 
scale.
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During the life of a fish, scales may be lost, but are immediately replaced. The basic 
organization and structure of regenerated scales resemble those of the original scales. The 
similarity between the original and the regenerating scale reflects the fact that scale 
development is a highly conserved process employing the same molecular and cellular 
mechanisms during regeneration as during ontogeny (Bereiter-Hahn and Zylberberg 
1993).
Bone remodelling in fish
In bone, like any other organ, there is a constant turnover of tissue. Resorption and 
remodelling of the vertebrate skeleton are essential processes for development, growth, 
repair, mechanical adaptation and mineral homeostasis. During ontogeny, remodelling is 
necessary to allow for growth. Later it continues as an adaptation to changes in 
mechanical load and bone becomes a vital organ in the animals’ mineral homeostasis, 
serving as a buffer for minerals (Witten and Huysseune 2009). Our basic ideas about bone 
and bone remodelling are influenced and biased by our extensive knowledge of 
mammalian bone. There are however characteristics that distinguish teleostean bone 
remodelling from mammalian bone remodelling. The main characteristics are summarized 
here (from Witten and Huysseune 2009):
1) In mammals, osteoclasts originate from haematopoietic tissue, which also releases 
factors that regulate osteoclastic and osteoblastic activities. This intimate 
relationship between bone resorbing cells and haematopoietic cells does not 
appear to exist in fish.
2) Advanced, modern teleosts have acellular bone and thus lack osteocytes.
3) Due to the lack of osteocytes, bone remodelling must be triggered via a different 
mechanism, likely appositional bone deposition as seen in mammalian bone.
4) Fish lack typical endochondral ossification and ossification of the vertebral body 
occurs without cartilaginous precursors.
5) The skeleton is not the most important source for calcium, hence the skeleton is 
not so tightly integrated into the animals’ calcium homeostasis.
20
Chapter 1
6) If minerals (calcium, phosphate) must be liberated from the skeleton, mobilization 
will occur from the extensive postcranial dermal skeleton (the scales) and not the 
endoskeleton.
7) Elements of the dermal skeleton (scales, fin rays) have a strong capacity to 
regenerate.
8) Teleostean fishes replace their teeth throughout life.
9) Most teleostean fishes continue to grow during their life.
Bone deformities in farmed Atlantic salmon
Since the start of commercial farming in the 1970 s, Atlantic salmon has become the most 
important species in Norwegian aquaculture industry. In 2008 the total production was 
over 700.000 tonnes (www.fiskeridir.no). Constant improvements in e.g. genetics, feed 
formulation, vaccination, husbandry and management have made it possible to grow 
salmon to marketable size in a shorter time span compared to the 1970s. Along with an 
increased growth rate, the minimum requirement for the different nutrients most likely 
has increased, leading to a potentially increased occurrence of deficiency-related diseases 
(Waagb0  2008). Skeletal deformities are a major challenge in salmon aquaculture; it causes 
concern for animal welfare and leads to downgrading of the end product. The categorized 
types of deformities represent a mixture of vertebral malformations, such as kyphosis 
(humpback), lordosis (saddleback), scoliosis (lateral curvature), platyspondyly (short-tail) 
and deformities in the head and neck regions (stargazing, short operculum, and jaw 
deformations) (Lall & Lewis-McCrea 2007, Witten et al. 2009). Bone deformities normally 
manifest themselves at a later stage of development, which makes it difficult to find the 
exact cause of the deformity. Nutrition, genetics, environmental stressors, vaccination, 
fast growth and seawater transfer have all been suggested as risk factors (Vâgsholm & 
Djupvik 1998, Fjelldal et al. 2006, Waagb0  2008). Little is known about vitamin D 
physiology in fish, a topic we here wish to address as this vitamin is deeply involved in 
bone physiology of vertebrates including fishes.
21
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A im s and outline of this thesis
The research described in this thesis was part of a project funded by the Norwegian 
Research Council called ‘Strategic Institute Program Bone Deformities in Fish’ 
(153472/I30). The objective was to improve our knowledge on the role of fat soluble 
vitamins in bone physiology in fish. The project funded four PhD programs on different 
subjects; Vitamin A (Robin 0rnsrud  2004), Bone Development (Kai Nordvik 2006), 
Vitamin K  (Christel Kross0 y 2009) and Vitamin D (this thesis). The research described in 
this thesis aims to expand our knowledge on the vitamin D endocrine system in fishes 
with an emphasis on its role in bone physiology. C hapter 2 provides a broad overview of 
the literature currently available regarding the vitamin D endocrine system in fishes. Its 
involvement in calcium and phosphate homeostasis and bone physiology is discussed. In 
chapter 3 we present the complete sequence of the vitamin D receptor (VDR) in Atlantic 
salmon (Salmo salar) together with two alternatively spliced variants (sVDR1 and sVDR2). 
Gene expression of the VDR and circulation of plasma vitamin D metabolites during 
different life stages of Atlantic salmon are measured. Assessment of VDRs in tissues that 
play an important role in calcium physiology is a crucial step in substantiating the vitamin 
D system as a regulatory system of importance in fish. A role for the vitamin D endocrine 
system in smoltification of Atlantic salmon emerged from these studies. C hapter 4 links 
the time of smoltification (when salmon migrate from freshwater to seawater) to mineral 
content of bone and formation of bone deformities in aquaculture practices of Atlantic 
salmon. In chapter 5 we introduce vitamin A, and demonstrate that cross-talk between 
vitamins A and D exists with possible implications on bone health in Atlantic salmon. To 
investigate the effect of vitamin D metabolites on bone related processes, an in vitro scale 
culture (a bony tissue) was established (chapter 6). This scale culture is used to evaluate 
the effect of different vitamin D metabolites on the activity of enzymes involved in bone 
formation and degradation. Finally in chapter 7 the major findings are summarized and 
discussed.
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A bstract
Fish store large quantities of vitamin D in their liver and fat tissues, including the fat 
associated with muscle, and this makes fish an important dietary source of vitamin D. 
Fish do not synthesize vitamin D and are fully dependent on dietary sources to meet their 
requirement. Under natural circumstances planktonic vitamin D accumulates in the 
aquatic food chain. In aquaculture formulated diets are used and vitamin D intake can be 
manipulated. The minimum dietary requirement for vitamin D has been established in 
several fish species. The role of vitamin D in fish physiology is still enigmatic. Till the 
1970s there was consensus that fish accumulate but not metabolize vitamin D. There is 
substantial evidence now, 4 decades later, that fish have a vitamin D endocrine system 
with similar functions as in mammals. We here summarize the major characteristics of the 
fish vitamin D endocrine system. The hydroxylation of vitamin D to more polar 
metabolites, their plasma levels and protein-bound transport in blood plasma will be 
discussed. The vitamin D receptor profile, receptor distribution and responses to vitamin 
D are reviewed for the key target tissues (gill, intestine, kidney and bone). We will address 
the classical slower actions through transcription factors as well as the faster G-protein 
coupled (membrane) receptor mediated effects. We then review the dietary requirement 
of vitamin D in aquaculture and address some lesser known functions of the vitamin D 
endocrine system.
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In troduction
The benefits of fish oil rich in vitamin D for growth and development of humans has 
long been recognized. At the start of the 20th century Sir Edward Mellanby produced 
rickets in puppies by feeding them a diet of low-fat milk and bread. Addition of yeast 
(vitamin B), orange juice (vitamin C) or extra calcium and phosphate to the dogs’ diet did 
not prevent rickets, while addition of butterfat or cod-liver oil did. In 1919 he wrote: 
"Rickets is a deficiency disease which develops in consequence of the absence of some 
accessory food factor or factors..., it therefore seems probable that the cause of rickets is 
a diminished intake of an anti-rachitic factor, which is either fat-soluble A (later called 
vitamin A , ed), or has a somewhat similar distribution to fat-soluble A" (Mellanby 1919). 
This accessory food factor was later identified and called vitamin D. Since then, the 
metabolism and function of vitamin D in vertebrates (mainly mammals) have been 
investigated; research efforts have truly intensified during the last four decades and were 
greatly stimulated by molecular biological techniques. The best known action of the 
vitamin D endocrine system is its role in calcium and phosphate homeostasis. Vitamin D 
is a key regulator of transcellular calcium uptake (via a luminal calcium channel) and 
induces cytosolic calcium transport (calbindinD(9k)) (Bronner 2009). Furthermore, 
vitamin D modulates the expression of Na+-dependent Pi transporters, the main transport 
route of phosphate uptake (intestine) and reabsorption (kidney) (Taketani et al. 1998). 
Gastrointestinal disorders and/or malfunctioning of the vitamin D endocrine system lead 
to bone diseases (Grant 2006; Bikle 2007; Khosla et al. 2008). Bone represents a large 
store of calcium phosphate and vitamin D directly affects osteoblast activity and 
osteoclast formation (Anderson & Atkins 2008). In the past few decades it has become 
clear that the vitamin D endocrine system plays an important role in other biological 
processes, not related to calcium and phosphorus homeostasis. New research areas are 
now emerging investigating the role of vitamin D in muscle function, autoimmune 
diseases (e.g. multiple sclerosis and diabetes) and cardiovascular physiology (Zittermann 
2003; Grant 2006; Lips 2006). Vitamin D has been demonstrated to affect cell 
proliferation and differentiation (Samuel & Sitrin 2008) and the role of vitamin D in 
cancer prevention had become a major area of research (Mohr 2008). The recommended
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daily intake of vitamin D for human subjects is under constant debate (Zittermann 2003; 
Heaney et al. 2003).
At a much slower pace than in mammalian research, progress has been made to elucidate 
the vitamin D endocrine system in fishes. It now becomes clear that also in fish vitamin 
D is not solely associated with calcium and phosphate homeostasis, and even a parallel 
can be drawn between the debate on daily requirement level in humans and in fish. In this 
paper we will discuss vitamin D metabolism and give an overview of the literature on the 
physiological significance of vitamin D for mineral status, growth and development of 
fishes. In addition we discuss the dietary requirement of vitamin D in aquaculture practice 
and finally consider some lesser known aspects, such as interactions with other vitamins. 
This review is restricted to the state of the art in fish, the extant species representing up to 
60% of all vertebrate life. The early position of fishes in phylogeny would suggest that the 
physiology of the vitamin D system in fish may present original functions.
O rigin and  hydroxylation of vitam in D m etabolites
Origin of vitamin D 2 and vitamin D 3
All vertebrates, including fishes, absorb vitamin D directly from their diet (Dusso et al. 
2004). Dietary fat and fat-soluble vitamins are absorbed and transported in chylomicrons, 
the major lipoproteins synthesized by the intestine, via the blood to the liver (Haddad et 
al. 1993). Mammals synthesize previtamin D in their skin from a photochemical 
precursor, 7-dehydrocholesterol (7-DHC), formed from cholesterol by ultraviolet (UV) 
light irradiation (Holick et al., 1977; 1980; Holick 1981). The previtamin D is later 
transformed into vitamin D by thermal isomerization (Okano et al. 1977) and transported, 
bound to vitamin D binding protein (DBP), via the blood to the liver (Haddad et al. 
1993).
UV-irradiation of channel catfish (Ictalurus punctatus) did not enhance the antirachitic 
qualities of the oil extracted, which led Bills (1927) already to conclude that fish lack the 
ability to form precursors for vitamin D. Holick and colleagues (1982) and Rao &
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Raghuramulu (1997) reported photosynthesis of vitamin D 3 from 7-DHC in rainbow 
trout (Oncorhynchus mykiss) and Mozambique tilapia (Tilapia mossambicus), respectively, but 
both studies concluded that photosynthesis of vitamin D 3 unlikely plays a significant role 
under natural conditions, where these fish are not exposed to UV light.
Blondin and colleagues (1967), were the first to incubate liver homogenate of Atlantic 
striped bass (Morone saxatilis) with 4-14C-7-dehydrocholesterol, but no radiolabeled vitamin 
D 3 was formed and thus a nonphotochemical secosteroid synthesis pathway is unlikely. 
The alternative pathway to produce vitamin D via 2-carbon units (by use of radiolabeled 
acetate as precursor in vitro as well as in vivo) could not be demonstrated in fish (Rao & 
Raghuramulu 1995). Suzuki and colleagues (1988) observed a significant breakdown of 
vitamin D 3 after exposure of mackerel filets to sunlight, yet 7-DHC levels remained 
unaffected. In a later study, Hidaka and colleagues (1989) demonstrated that skipjack 
(Katsuwonus pelamis) minced muscle exposed to UV light converted 20% of the 7-DHC 
into vitamin D 3. The above studies demonstrate that synthesis of vitamin D 3 can be 
induced by UV light in fish tissues in vitro, although such transformation is not likely to 
occur under natural conditions. Indeed, no correlation was observed between 7-DHC and 
vitamin D 3 levels in a variety of freshwater or seawater fishes (Takeuchi et al. 1987; Rao & 
Raghuramulu 1995). Younger (smaller) fish appear to have higher concentrations of 7- 
DHC (still 1/10 of the values in humans) than older (bigger) fish (Okazaki et al. 1990), but 
this relation with age and vitamin D 3 does not exist (Matilla et al. 1997). Norman and 
Norman (1993) suggested four nonphotochemical pathways that can lead to the 
conversion of 7-DHC to either provitamin D 3 or vitamin D 3 directly. However, no 
evidence has so far supported their existence, neither in vitro nor in vivo. The consensus at 
present is that fish do not synthesize vitamin D following UV exposure or via the 
secosteroid pathways like higher vertebrates (Holick 1989; Takeuchi et al. 1986, 1991b; 
Rao & Raghuramulu 1996a; Sugisaki et al. 1974).
Drummond and Gunther (1930; 1933) were the first to suggest that zooplankton could be 
the origin of an antirachitic factor. Copping (1934) demonstrated that zooplankton 
contains high concentrations of vitamin D and thus could serve as dietary source of the 
vitamin. Zooplankton and phytoplankton contain two forms of vitamin D in high 
concentrations: vitamin D 2 and vitamin D 3 (Rao & Raghuramulu 1996b; Mattila et al. 
1997). As plankton is at the basis of aquatic food chains, vitamin D is always available for
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fish via their diet. Surprisingly, the ratio between the vitamins D 2 and D 3 in plankton 
(between 1:1 and 1:10) is not reflected in the storage of vitamin D in fish, where vitamin 
D 2 is almost absent. For all fish species vitamin D 3 is the primary storage form. It has 
been suggested that this form has a higher bioavailability for fish, resulting in a higher 
uptake from the diet of vitamin D 3 compared to vitamin D 2 (Takeuchi et al. 1991a; Mattila 
et al. 1997). Also, the binding of vitamin D 2 to transport proteins in plasma appears to be 
lower than vitamin D 3, which could result in an increased clearance of vitamin D 2 from 
the plasma (Hay & Watson 1977b). The ability of fish to store large quantities of vitamin 
D 3 in fat-containing tissues, e.g. liver and muscle, makes fish an excellent dietary source of 
vitamin D 3 for humans (Takeuchi et al. 1987; Calvo et al. 2005). Vitamin D 3 is a fat soluble 
vitamin, yet the assumption that the content of vitamin D 3 of fish increases with fat 
content is not necessarily true (Mattila et al. 1995; Lu et al. 2006; Ostermeyer & Schmidt 
2006). Variation in vitamin D 3 content among species exists, but the variation within a 
species can be of a similar magnitude. Mattila and colleagues (1997) could not show any 
correlation between weight, age or sex and vitamin D 3 content for a variety of fish 
species; they concluded that the diet must be the cause of variation in vitamin D 3 content 
between and within species.
Already in 1936 Bills and co-workers knew that ‘various kinds of vitamin D ’ exist in fish 
oil; with modern techniques such as mass spectrometry now a great number of vitamin D 
metabolites have been elucidated. Especially the more polar metabolites play important 
roles in the physiology of the fish. We will give an overview of the literature on plasma 
levels and presumed location(s) of synthesis of the more polar metabolites.
25-hydroxyvitamin D 3
Vitamin D 3 is hydroxylated in liver to 25-hydroxyvitamin D 3 (25(OH)D3) (Fig. 1). 
Elevation of 25(OH)D3 plasma level in mammals is associated with hypervitaminosis D. 
Plasma levels of 25(OH)D3 in fish are low compared to humans (Table 1). This has lead 
researchers to question the requirement for vitamin D in fish (Oizumi & Monder 1972; 
Holick 2003; Horst et al. 2005; Ostermeyer & Schmidt 2006). A caveat applies; levels of 
25(OH)D3 in fish plasma can be misleading due to two fundamental differences between
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fish and humans concerning vitamin D metabolism. First, fish store large quantities of 
vitamin D in their liver and fatty tissues without metabolizing it. Second, in humans 
25(OH)D3 is transported to the kidney for a second hydroxylation and thus travels in 
blood plasma; in fish the second hydroxylation also takes place in the liver without 
appearance of precursor in the blood plasma (Takeuchi et al. 1991a; Kobayashi et al. 1991). 
This does not mean that renal hydroxylation of 25(OH)D3 in fish is impossible, but local 
production of the most polar metabolites in a variety of tissues has been demonstrated 
(Graff 1999) and may reflect local requirements. An analogy may exist with the thyroid 
hormone T3 that is formed peripherally from the prohormone T4 by specific deiodinases. 
Bailly du Bois and colleagues (1988) demonstrated in vitro metabolism of 25(OH)D3 to 
1,25(OH)D3 and 24,25(OH)2D3 in various tissues (e.g. intestine, muscle, gill) of SW 
adapted European eel (Anguilla anguilla). In fish, physiological activity of 25(OH)D3 has 
been questioned since its discovery (Nahm et al. 1979).
Table 1. Plasma levels (nM) of vitamin D metabolites in human and fish
Species Vitamin D3 25(OH)D3 1,25(OH)2D3 24,25(OH)2D3 Reference
Homo sapiens 9.1 ± 6.5 79 ± 23 0.074 ± 0.002 8.4 ± 3.4 Shepard et al. 1979
Anguillajaponica 75 N.D. 0.26 N.D. Takeuchi et al. 1991a
Carassius gibelio 57 N.D. 0.11 N.D. Takeuchi et al. 1991a
Cyprinus carpio 91 N.D. 0.417 N.D. Takeuchi et al. 1991a
Entosphenus japonicus 57 N.D. 0,66 N.M.
Kobayashi et al. 1991 
Takeuchi and
Gadus morhua 83 ± 18 15.3 ± 2.7 0.13 ± 0.01 10.1 ± 23.5
Kobayashi 1991 
Larsson et al. 2002, 1992
Oncorhynchus mykiss N.M.
10.5 ± 1
â
6.8 ± 0,7 
?  
N.D.
N.M. N.M. Nahm et al. 1979
Pagrus major 13 0.46 N.D. Takeuchi et al. 1991a
Paralichthys olivaceus 330 N.D. 0.46 N.D. Takeuchi et al. 1991a
Prionace glauca 5.2 N.D. 0.21 N.M.
Kobayashi et al. 1991 
Takeuchi and
Pseudocaranx dentex 88 N.D. 0.20 N.D.
Kobayashi 1991 
Takeuchi et al. 1991a
Salmo salar FW N.M. 4.1 ± 3.87 0.9 ± 0.56 0.46 ± 0.22 Lock et al. 2007
Salmo salar SW N.M. 5.8 ± 5.56 0.6 ± 0.31 0.96 ± 0.27 Lock et al. 2007
Salmo salar SW 
Seriola quinqueradiata
N.M.
525
15.9 ± 1.0 
5
4.1 ± 0.4 
0.13 2.4
Fjelldal et al. 2008 
Takeuchi et al. 1991a
Scomber japonicus 31 N.D. 0.20 N.D. Takeuchi et al. 1991a
N.D. — not detected, N.M. — not measured
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1alpha,25-dihydroxyvitamin D 3 [1,25(OH)2D3, calcitrio]
Calcitriol results from hydroxylation of 25(OH)D3 by 25-hydroxycholecalciferol-1- 
hydroxylase (1-OHase). Both freshwater and seawater fish display renal 1-OHase activity 
(Henry & Norman, 1975; Table 2). The only exception is a study of Hayes and colleagues 
(1986) who could not detect activity of renal 1-OHase in rainbow trout. Fish also have 
hepatic 1-OHase activity and some researchers state that liver is the main organ for 
1,25(OH)2D3 synthesis in fish (Sundell et al. 1992; Takeuchi 1994; Takeuchi et al. 2001). 
The presence of 1,25(OH)2D3 in fish plasma was first documented in 1981 by Avioli and 
colleagues. They observed that, in contrast to 25(OH)D3 levels, 1,25(OH)2D3 levels in 
plasma are up to 10 times higher in fish than in mammals. This observation was later 
confirmed by others (Table 1), and now even 1,25(OH)2D3 plasma levels up to 55 times 
higher than humans have been documented in seawater adapted Atlantic salmon (Fjelldal 
et al. 2008). Plasma levels of 1,25(OH)2D3 vary widely between species. The variation 
within species seems to be less pronounced, although the number of observations in 
general is limited. Additional information on the time of sampling, feeding, and the 
physiological state of the fish is lacking in studies on most fishes, although these 
conditions and parameters could have profound effects on the plasma 1,25(OH)2D3 
values as demonstrated in e.g. humans and horses (Halloran et al. 1985; Piccione et al. 
2004).
24,25-dihydroxyvitamin D 3 [24,25(OH)2D3]
24,25(OH)2D3 results from hydroxylation of 25(OH)D3 by 25-hydroxycholecalciferol-24- 
hydroxylase (24-OHase). This enzyme has next to biosynthetic properties also catabolic 
properties and is likely to be involved in the breakdown of 1,25(OH)2D3 to the inactive 
form 1,24,25(OH)2D3 (Henry 2001). For 24,25(OH)2D3 two chiral forms occur: the 
enantiomers 24R,25(OH)2D3 and 24S,25(OH)2D3. The naturally occurring form is 
24R,25(OH)2D3 and, if not stated otherwise, £24,25(OH)2D3’ in this review refers to this 
enantiomer. Initially 24,25(OH)2D3 was not detected in fish (Takeuchi et al. 1991a). 
However, in the past two decades the Fish Endocrinology Group in Göteborg has
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advanced firm evidence for this metabolite in fish and shed light on its physiological 
actions. Sundh and colleagues (2007) measured increased hepatic and renal production of 
24,25(OH)2D3 in rainbow trout after SW transfer. Larsson and colleagues (2003) 
observed increased binding of 24,25(OH)2D3 to enterocyte basal lateral membranes 
(BLM) in rainbow trout when adapted to seawater (SW). Simultaneously, specific binding 
of 1,25(OH)2D3 to enterocyte BLM preparations decreased and correlated with inhibited 
intracellular calcium uptake. It is possible that the change in sensitivity of enterocyte BLM 
to vitamin D 3 metabolites for an anadromous fish is part of a strategy to adapt to the 
calcium-rich environment of seawater (>10 mM Ca). It should be noted that seawater fish 
drink copious amounts of seawater (and thus imbibe significant amounts of calcium) to 
compensate the osmotic water loss in this hypertonic medium (Flik et al. 2002).
Other vitamin D 3 metabolites
In mammalian research other vitamin D 3 metabolites, such as 1,25(OH)2-3-epi-D3 
(Brown et al. 1999), and C23 epimers (Lee et al. 2000), and P450 cytochromes involved in 
their synthesis have been identified (e.g. Bouillon et al. 1995; Tuckey et al. 2008). 
Understanding the role of these metabolites can e.g. assist medical research to develop 
new vitamin D 3 analogues. In research on fishes, the development of specific vitamin D 3 
analogues has received no priority. However, for the understanding of the complexity of 
the vitamin D endocrine system, it is important to realise that many more metabolites of 
vitamin D 3 than described above may exist in fish and could be of physiological 
significance. A picture that emerges in other steroids and in thyroid hormones (TH) 
(Moreno et al. 2008), where multiple TH derivatives have metabolic effects, seems to 
apply for vitamin D 3 as well.
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Figure 1. The metabolic transformation of vitamin D 3. The parent vitamin D 3 can be photochemically 
generated from 7-DHC (mammals, unlikely in fish) or absorbed from the diet (both in mammals and fish). 
In the liver vitamin D 3 is hydroxylated to 25(OH)D3. In fish, further hydroxylation to form the most 
active metabolites 1,25(OHhD3 and 24,25(OH)2D3 occurs in liver, kidney and several other tissues.
V itam in D b ind ing  protein
Vitamin D binding protein (DBP) is important for binding, solubilization and transport 
of vitamin D and its metabolites. The metabolic clearance rate of vitamin D metabolites 
depends partly on their binding to plasma proteins. In humans 85-88% of the vitamin D 
metabolites in plasma are bound to DBP, 12-15% is associated with albumin, and only a
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small fraction (<1%) is unbound (Speeckaert et al. 2006). In chicken vitamin D 2 and 
25(OH)D2 have a lower binding affinity to plasma proteins than vitamin D 3 and 
25(OH)D3 (Belsey et al. 1974), which results in a faster clearance from plasma. A similar 
preference of DBP for vitamin D 3 over vitamin D 2 is present in fish as well (Hay and & 
Watson 1977b). The first report on DBP in fish (Hay & Watson 1976a) demonstrated 
that cartilaginous and bony fish transport 25(OH)D3 via a lipoprotein. Only bony fish, 
both FW and SW species, have specific 25(OH)D3 a-globulin transport proteins. 
Considerable variation in binding proteins of vitamin D 3 and 25(OH)D3 in vertebrates 
exists, including a-globulins, ß-globulins, lipoproteins and albumin (Edelstein et al. 1973; 
Hay & Watson 1976b). Hay and Watson (1977a) observed equal binding of 25(OH)D3, 
24R,25(OH)2D3 and 24S,25(OH)2D3 to plasma proteins in lungfish (Protopterus sp.) and 
goldfish (Carassius auratus). These authors also demonstrated that in reptilian, avian, and 
mammalian species a divergent binding of these metabolites exists, where 24R,25(OH)2D3 
and 25(OH)D3 were bound with a higher affinity than 24S,25(OH)2D3. Hay and Watson 
(1977a) concluded that the properties of these proteins have changed during vertebrate 
evolution. Sundell and colleagues (1992) reached a similar conclusion for Atlantic cod 
(Gadus morhua) DBP. Both 25(OH)D3 and 1,25(OH)2D3 were bound to one specific DBP 
isolated from cod plasma. Compared to mammals and birds, cod DBP had a lower 
affinity for 25(OH)D3 and a sedimentation coefficient (3.4S), lower than the one found in 
humans (4.1S). In comparison with mammals and birds, cod DBP was unable to form a 
protein complex with globular actin (G-actin). Studies on Nile tilapia (Oreochromis niloticus) 
DBP (3.6S) resulted in similar observations, a low affinity protein for 25(OH)D3 was 
found that did not interact with G-actin (Allewaert et al. 1988). Since in mammals 
25(OH)D3 has to be transported from the liver to the kidney, the necessity for a plasma 
DBP with a high affinity for 25(OH)D3 seems obvious. As both hydroxylations in most 
fish can take place in the liver there is little need for a plasma binding component with 
high affinity for 25(OH)D3. A few fish species however do have a DBP that shows great 
resemblance with mammalian DBP. For example Marcocci and colleagues (1982) 
described a specific plasma binding protein for both 1,25(OH)2D3 and 25(OH)D3 in 
European eel and common carp (Cyprinus carpio). Allewaert and colleagues (1988b) 
showed two 25(OH)D3 binding proteins in serum of common carp, one with a 
sedimentation coefficient similar to Nile tilapia and cod (3.7S), with a low affinity for
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25(OH)D3 and no binding to G-actin, and a second binding protein (4.2S) with a high 
affinity but low capacity for 25(OH)D3 and ability to form a complex with G-actin (5.2S). 
The latter protein exhibits similar physical and biochemical characteristics as the DBP 
from terrestrial vertebrates (Allewaert et al. 1988a). Clearly, the DBP in vertebrates is not a 
single protein but a group of proteins which differs markedly in composition between 
species.
Receptors
The nuclear 1,25(OH)2D3 receptor
The nuclear 1,25(OH)2D3 receptor (VDR) is a ligand-activated transcription factor. Upon 
activation by 1,25(OH)2D3 it will form a heterodimer with the retinoid-X-receptor (RXR) 
and regulates gene expression by interacting with specific DNA sequences upstream of 
vitamin D responsive genes (Fig 2). Marcocci and colleagues (1982) were the first to 
demonstrate specific binding of 1,25(OH)2D3 in various eel tissues and the first mRNA 
sequence of a nuclear VDR in a teleostean fish appeared in 2000 by Suzuki and 
colleagues. They sequenced two subtypes of VDR in the Japanese flounder (Paralichthys 
olivaceus) that share 86% amino acid identity. The authors suggested that an independent 
genome duplication that has occurred in ray-finned fishes phylogeny is the underlying 
cause for these gene subtypes. Recently, a study by Howarth and colleagues (2008) on a 
VDR in medaka (Oryzias latipes) demonstrated the existence of two functional paralogs 
with different transactivation activity and sensitivity to 1,25(OH)2D3, which suggests a 
functional divergence of the receptors. Alpha- and ß-isoforms of the VDR were identified 
in fugu (Takifugu rubripes), tetraodon (Tetraodon nigriviridis) and stickleback (Gasterosteus 
aculeatux, Maglich et al. 2003). In European seabass (Dicentrarchus labrax) two VDR 
isoforms are identified. One isoform was sequenced from the liver (AM040727), the other 
from intestine (AM040728). It is unclear if these isoforms exist due to gene duplication. 
Isoforms of the VDR may also result from alternative splicing. The Atlantic salmon 
(Salmo salar) VDR (NM001123557) is spliced due to intron retention at two locations 
(AM238619, AM238620) (Lock et al. 2007). Also the common carp (Cyprinus carpio) VDR
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(AJ784084) can be spliced at the same introns as occurs in Atlantic salmon (our 
unpublished results). Whether a similar inhibitory regulatory activity applies to these splice 
variants as described for mice (Ebihara et al. 1996) needs further experimentation. Other 
species with known VDR sequences include: zebrafish (Danio rerio, NM130919) and 
rainbow trout (Oncorhynchus mykiss, AY526906).
VDR mRNA expression has been demonstrated in a (wide) variety of tissues and organs 
of several fish species (Suzuki et al. 2000; Maglich et al. 2003; Lock et al. 2007). The most 
extensive study on the distribution of the VDR mRNA was carried out by Craig and 
colleagues (2008) in zebrafish. Specific VDR staining was found in tissues and organs 
including renal tubular cells, enterocytes and chloride cells of the gills. The VDR was 
further demonstrated in the bile duct epithelial cells, in line with an involvement of 
1,25(OH)2D3 in transport of solutes and water in this organ (Makishima et al. 2002). The 
positive VDR mRNA staining found in Sertoli cells points to a role for the vitamin D 
endocrine system in male reproduction. Bone specific staining of the VDR was found in 
osteoblasts. Also chondrocytes in gill filaments, the nervous system (brain, spinal cord 
and retina) stained positively for VDR mRNA. Thus, the VDR appears to be widely 
expressed in epithelial endocrine and neural tissues. It is expressed already during early 
development (Fleming et al. 2005). The ubiquitous expression of the VDR in a wide range 
of tissues reflects the pleiotropic nature of the vitamin D endocrine system, far beyond its 
actions on mineral status.
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Figure 2. Transcriptional control of gene expression by 1,25(OH)2Ö3 (CTR). In plasma CTR is bound to 
vitamin D binding protein (DBP) with only a small unbound fraction. This unbound CTR passes the cell 
membrane and enters the nucleus where it interacts with the vitamin D receptor (VDR). After 
dimerization with the retinoid X receptor (RXR), the complex binds to vitamin D responsive element 
(VDRE) and induces or represses gene transcription.
A  membrane 1,25(OH)2D3 receptor
Membrane-initiated signalling by steroid hormones (via G protein-coupled receptors) is 
now widely accepted (Hammes & Levin 2007). Activation of non-genomic signal 
transduction pathways in target cells involves a membrane vitamin D receptor (mVDR). 
Nemere and colleagues (2000) found specific binding of 1,25(OH)2D3 to enterocyte 
BLMs of common carp. In vitro a rapid (within minutes) increase of protein kinase activity 
was seen after 1,25(OH)2D3 exposure. Both 24,25(OH)2D3 and 25(OH)D3 competitively 
bound to the mVDR, which distinguishes this protein from the nuclear VDR. In Atlantic 
cod (Gadus morhua) no specific binding of 1,25(OH)2D3 to BLM was found, which is in 
line with the findings of Larsson and colleagues (2003) in this teleost. Rapid responses to 
1,25(OH)2D3 can be explained by various mechanisms. Norman (2006) proposed a 
conformational ensemble model for VDR activity in mammals. He suggested that 
chirality of 1,25(OH)2D3 may translate into either slow classical genomic responses or
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more rapid responses (Norman et al. 2002; Huhtakangas et al. 2007), the receptor involved 
in both actions is the nuclear VDR. A second theory involves the recently identified 
membrane binding protein 1,25D3-MARRS (membrane-associated, rapid-response 
steroid-binding) also known as Erp57 (Nemere et al. 2004a; Nemere et al. 2004b; Rohe et 
al. 2007). 1,25D3-MARRS appears to play a role in intestinal phosphate uptake in young 
poultry chicks. Since both theories are based on mammalian models, it is outside the 
scope of this manuscript to discuss these pathways in more detail; for more information 
please see Khanal & Nemere (2007).
Table 2. 25-hydroxycholecalciferol-1-hydroxylase activity in fish
Species Liver Kidney Reference
Carassius auratus N.M. + Henry and Norman 1975
Cyprinus carpio N.M. + Henry and Norman 1975
Cyprinus carpio + + Takeuchi et al. 1991a
Epinephelus labrifornus N.M. + Henry and Norman 1975
Gadus morhua + + Graff et al. 1999
Hippoglossus hippoglossus + + Graff et al. 1999
Oreochromis mossambicus + + Rao and Raghuramulu 1998
Paralabrax clathratus N.M. + Henry and Norman 1975 
Takeuchi et al. 1991aParalichthys olivaceus + + Takeuchi 1994
Oncorhynchus mykiss + - Hayes et al. 1986
Salmo salar + + Graff et al. 1999
Sarda chiliensis N.M. + Henry and Norman 1975
Scomber scombrus + + Graff et al. 1999
Scorpaena guttata N.M. + Henry and Norman 1975
Sebastus carnatus N.M. + Henry and Norman 1975
N.M. — not measured
A  membrane 24,25(OH)2D3 receptor
The existence of a membrane 24,25(OH)2D3 remains putative, however the physiological 
significance of this metabolite is presently established. Specific binding of 24,25(OH)2D3 
to enterocyte BLM of Atlantic cod (Gadus morhua), common carp (Cyprinus carpio) and SW- 
adapted rainbow trout (Oncorhynchus mykiss) was demonstrated by Larsson and colleagues 
(2001; 2003). Within seconds after administration of a physiological dose of 
24,25(OH)2D3, Ca2+ influx across the mucosa of in vitro-perfused intestinal preparations in 
Atlantic cod was reduced (Larsson et al. 1995). These rapid responses indicate a functional 
non-genomic pathway for 24,25(OH)2D3. As mentioned earlier, 24,25(OH)2D3 may fulfill
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a greater role in SW than in FW fish. Indeed, in FW adapted rainbow trout Larsson and 
colleagues (2003) found no specific binding of 24,25(OH)2D3 to enterocyte BLM. Also, 
24,25(OH)2D3 had no effect on enterocyte calcium homeostasis.
Actions of vitam in D 3 m etabolites
Plasma calcium
A number of authors report hypercalcemic effects of vitamin D 3 metabolites, and show 
that hypercalcemia depends on exposure time as well as on the type and concentration of 
the vitamin D 3 metabolite used (e.g. Swarup et al. 1984; Srivastav et al. 1993). Responses to 
vitamin D treatments vary not only within but also among species. For example, injecting 
1,25(OH)2D3 in emerald rock cod (Pagothenia bernacchii) reduced free plasma calcium but 
left total plasma calcium levels unchanged, suggesting an increased fractional binding of 
calcium to plasma proteins (Fenwick et al. 1984). In contrast, Sundell and colleagues 
(1993) repeatedly injected 1,25(OH)2D3 in the Atlantic cod and observed an increase of 
free calcium while total calcium levels remained unchanged. In male Mozambique tilapia 
(Oreochromis mossambicus) ip injections of 1,25(OH)2D3 increased total plasma calcium 
without altering the free calcium levels (Srivastav et al. 1998). Apparently the effect of 
vitamin D 3 on the ratio of free and bound plasma calcium differs between studies.
In addition, responses may also vary with ambient water quality. Vitamin D 3 injected male 
catfish (Clarias batrachus) acclimated to low calcium water increased their serum total 
calcium levels as compared to control fish. However, this increase doubled in vitamin D 3 
injected catfish from water supplemented with extra calcium when compared to controls 
from the same water, although the duration of this increase was shorter than the one in 
fish from low calcium water (Swarup & Srivastav 1982). A similar observation was done 
in freshwater mud eel (Amphipnous cuchia) by Srivastav (1983). Magnitude and duration of 
the increase of plasma calcium in response to vitamin D 3 are clearly dependent on the 
calcium concentration in the water. If calcium is not sufficiently available from the water 
or from the diet, fish can apparently supplement plasma calcium from internal sources. IP
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injections of unfed common carp with physiological doses of either vitamin D 3 or 
1,25(OH)2D3 resulted in hypercalcaemia and hyperphosphataemia (Swarup et al. 1991), 
which suggests that the minerals must have been derived from internal sources. Similarly, 
daily injections with vitamin D 3 or 1,25(OH)2D3 in fed American eel (Anguilla rostrata 
LeSueur), increased plasma calcium and phosphorus, while this effect was absent in unfed 
eels (Fenwick et al. 1984). Plasma calcium levels in fish are certainly not controlled by the 
vitamin D endocrine system only; other hormones such as stanniocalcin (Pierson et al. 
2004), parathyroid hormone-related protein (Abbink & Flik 2007; Guerreiro et al. 2007), 
calcitonin (Milhaud et al. 1980; Najib & Martine 1996) and prolactin (Flik et al. 1984; 1989; 
Seale et al. 2006) are involved as well.
Plasma phosphate
In contrast to calcium, fish must obtain phosphate via the diet as water phosphate levels 
are normally very low and direct uptake of phosphate from the water is likely insignificant 
in fishes. Little information on the involvement of vitamin D 3 in phosphate metabolism 
in fish exists. Responses to vitamin D 3 metabolites on plasma phosphate vary between 
species. Daily IP injection with vitamin D 3 or 1,25(OH)2D3 increase plasma phosphate in 
catfish (Clarias batrachus) (Swarup et al. 1984), American eel (Fenwick et al. 1984) and 
Cyprinus carpio (Swarup et al. 1991), but not in Mozambique tilapia (Rao & Raghuramulu
1999). In unfed American eel (Fenwick et al. 1984) and freshwater mud eel Amphipnous 
cuchia (Srivastav 1983) plasma phosphate increased after IP vitamin D 3 injection. 
Apparently, in addition to phosphate reabsorption in the kidney (Fenwick & Vermette 
1989), it can be mobilized by vitamin D 3 metabolites from a non-dietary source, 
presumably bone or soft tissues (Lopez et al. 1977).
Intestine
The intestine is an important organ for the absorption of calcium and phosphate and 
therefore a major target for the vitamin D endocrine system. In common carp, isolated
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enterocytes exposed to 1,25(OH)2D3 quickly (within 5 min) increased protein kinase C 
activity. Using fluorospectrometry with fura 2 as a Ca2+ probe, intracellular calcium 
concentrations remained unchanged. Intracellular vesicular Ca2+ transport remains 
undetected with this method and a lack in fura 2 fluorescence does not mean that 
1,25(OH)2D3 can not influence intracellular Ca2+ transport (Nemere et al. 2000). Calcium 
flux from lumen to plasma in anaesthetized European eel was stimulated by 1,25(OH)2D3 
in a dose dependent manner (Chartier et al. 1979). Interestingly, also vitamin D 3 
stimulated calcium influx in a dose-dependent manner. A similar observation was made 
by Fenwick (1983), who showed that physiological concentrations of vitamin D 3 
(administered intraperitoneally) stimulate intestinal calcium uptake in goldfish. The 
observations on physiological effects of vitamin D 3 are intriguing. The injected vitamin 
D 3 could be metabolized to more polar metabolites, which then could be responsible for 
the observed effects in these in vivo studies. Another possibility is that the increase in free 
vitamin D 3 concentration replaces more polar vitamin D 3 metabolites that were bound to 
the DBP. If so, this will change the ratio between bound and unbound metabolites, 
quickly shifting the ratio towards the unbound fraction. Increasing the unbound fraction 
of 1,25(OH)2D3 could result in fast effects via the mVDR.
Effects of 25(OH)D3 on intestine have also been documented. In Atlantic cod, intestinal 
calcium uptake increased by 25(OH)D3 administration in vitro (Sundell & Björnsson 1990). 
In a later report where the authors failed to demonstrate specific binding of 25(OH)D3 to 
the intestine, it was concluded that the in vitro effects seen could be due to the relatively 
high concentrations (25 nM) of 25(OH)D3 used (Sundell et al. 1992), which might have 
led to non-physiological circumstances. However, direct effects of the less polar 
metabolites vitamin D 3 and 25(OH)D3 on the VDR can not be ruled out. Metabolism of 
25(OH)D3 in vitro in e.g. intestine of European eel was demonstrated by Bailly du Bois and 
colleagues (1988). Again, local synthesis of e.g. 1,25(OH)D3 could account for effects seen 
from the 25(OH)D3 metabolite. 1,25(OH)2D3 and 24,25(OH)2D3 affect calcium uptake in 
perfused intestinal preparations from Atlantic cod differently (Larsson et al. 1995). 
Exposure to 24,25(OH)2D3 resulted in a rapid, non-genomic decrease in calcium uptake, 
exposure to 1,25(OH)D3 however had no direct effects on intestinal calcium uptake. Both
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observations are in line with the earlier study on Atlantic cod by Sundell and Björnsson 
(1990).
Gills
The gills are an important organ for calcium uptake from the water (Flik & Verbost 1993; 
Marshall 2002; Hwang & Lee 2007). The VDR is expressed in gills of several teleosts 
(Sundell et al. 1992; Lock et al. 2007; Qiu et al. 2007; Craig et al. 2008). A likely gene under 
control of 1,25(OH)2D3 and involved in transcellular calcium transport is the epithelial 
calcium channel (Flik et al. 2002), postulated many years ago for fish gills and more 
recently described and characterised by Hoenderop and colleagues (1999) in the African 
clawed toad (Xenopus laevis). Qiu and Hogstrand (2004) identified two vitamin D 
responsive elements (VDRE) in the branchial epithelial calcium channel in pufferfish 
(Fugu rubripes). In rainbow trout the branchial epithelial calcium channel respond to 
variations in external calcium concentrations, and are key in the regulation of calcium 
influx via the gills (Shahsavarani & Perry 2006). It is likely therefore that 
1,25(OH)2D3/the vitamin D endocrine system is involved in calcium transport via the 
gills, a key mechanism in fish calcium homeostasis that is under primary endocrine 
control of stanniocalcin (Pierson et al. 2004).
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Kidney
Little information on the involvement of vitamin D on calcium or phosphate 
reabsorption in the kidney of fish is available. Fenwick and Vermette (1989) clearly 
demonstrated the active involvement of vitamin D 3 in renal phosphate reabsorption in 
American eel. Phosphate reabsorption in eels intraperitoneally injected with vitamin D 3 
significantly increased in a dose-dependent manner. Apart from the question whether this 
effect was produced by vitamin D 3 itself or by one of its more polar metabolites formed 
following injection, this study demonstrates that renal reabsorption of phosphate indeed 
does occur in fish and that the vitamin D endocrine system is involved.
Bone
In 1981, Yanda and Ghazarian concluded that little convincing evidence for an intimate 
involvement of vitamin D in skeletal homeostasis of freshwater fish was available at that 
time. Several studies since then have concluded otherwise. In the emerald rockcod 
(Pagothenia bernacchii), ip injections of vitamin D 3 increased bone mineralization by 150% 
(Fenwick et al. 1994). In zebrafish (Danio rerio) larvae, addition of vitamin D 3 or 
1,25(OH)2D3 to the water increase bone mineralization in a dose-dependent manner 
(Fleming et al. 2005). Conversely, bone catabolic effects of 1,25(OH)2D3 were also 
reported. Wendelaar Bonga and colleagues (1983) observed a decrease in osteoblast cell 
size and number, and bone calcium and phosphate concentrations in fin ray bone after 
repetitive injection of 1,25(OH)2D3 in Mozambique tilapia (Oreochromis mossambicus). 
Injection of 24,25(OH)2D3 on the other hand activated osteoblasts, increased cell size and 
numbers. Similarly, ip injection of 1,25(OH)2D3 in European eel stimulated vertebral 
bone resorption as determined by the number of osteocytic cavities (Lopez et al. 1977) 
and increased plasma levels of calcium and inorganic phosphate (Lopez et al. 1980). 
Interestingly, this effect of 1,25(OH)2D3 depended on the physiological condition of the 
fish. In maturing females, with already elevated plasma levels of protein-bound calcium 
and phosphate (due to high levels of vitellogenin), 1,25(OH)2D3 treatment increased these 
plasma levels even more, but also stimulated osteoblastic activity and new bone formation
46
vitamin D endocrine system in _ fish
(Lopez et al. 1980). Exposing ricefield eel (Monopterus albus) to elevated concentrations of 
vitamin D 3 in the diet increased bone calcium content but not phosphate content (Tan & 
He 2007). The effect of vitamin D 3 metabolites on bone seems to be complex and many 
other factors, e.g. other hormones, are involved as well. Prolactin, growth hormone and 
somatolactin appear to promote osteoblastic activity in goldfish scales in vitro (Takahashi 
et al. 2008). Prolactin also reduced osteoclastic activity on the scales via osteoclastic 
apoptosis (Takahashi et al. 2008). Calcitonin inhibits bone calcium resorption in the fresh 
water teleost Channapunctatus (Mukherjee et al. 2004) and stimulates osteoblastic activity in 
Mozambique Tilapia (Wendelaar Bonga & Lammers 1982). Parathyroid hormone-related 
protein downregulates osteonectin mRNA expression in Sparus auratus scales (Redruello et 
al. 2005). Just like the vitamin D endocrine system these hormones are involved in plasma 
calcium homeostasis, which could be the underlying cause of their effects on bone.
D ietary requirem ent of vitam in D
Barnett and colleagues (1979), studying rainbow trout, were the first to demonstrate the 
dietary importance of vitamin D 3 in a fish species. Fish accumulate vitamin D 3 
throughout their life at a rate determined by the levels in their diet (Takeuchi et al. 1991b; 
Vielma et al. 1999; Graff et al. 2002a; 2002b). Deposition occurs mainly in the liver (a 
significant fat storage organ in many fish) and other tissues such as intestine, kidney, 
spleen, gills, skin and muscle (Horvli et al. 1998). This internally stored vitamin D is still 
accessible for metabolism; hence the vitamin D intake prior to an experiment can 
influence the calculated minimum daily requirement (NRC 1993). Calculating the 
minimum requirement level for vitamin D in fish species (Table 3) should be done with 
care. Formulation of diets without vitamin D 3 and vitamin D 2 is (often) difficult and 
produced feed should always be analyzed for vitamin D content. The more polar 
metabolites, such as 25(OH)D3, 1,25(OH)2D3 and 24,25(OH)2D3 however remain 
undetected in most routine analyses for vitamin D 3 content (Clausen et al. 2003). In fish 
species that do not have a high requirement for vitamin D, small amounts of vitamin D 
metabolites in the diet can be sufficient to maintain normal growth. For example, Launer 
and colleagues (1978) concluded that vitamin D 3 was not an essential dietary ingredient
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for channel catfish (Ictaluruspunctatus) cultured from ~6.5 mg to ~85 g when fed a low 
vitamin D diet compared to a control diet. However, this experiment was carried out in 
ponds that might contain some natural vitamin D rich food and the vitamin D 3 deficient 
diet still contained 4 ^g vitamin D 3 kg-1 diet. Brown and Robinson (1992) did a similar 
trial with channel catfish in a more controlled environment, using aquaria with a flow­
through system. In that study channel catfish, growing from ~4 g to ~25 g, had a 
minimum requirement of 6.25-12.5 .^g vitamin D 3 kg-1 diet based on weight gain and feed 
conversion ratio. Using serum 25(OH)D3 as an indicator of vitamin D 3 status the 
minimum calculated requirement came to 50 ^g vitamin D 3 kg-1. In fish fed a lower doses 
of vitamin D 3 the 25(OH)D3 plasma levels increased, while higher doses of vitamin D 3 
did not affect plasma values of 25(OH)D3. In contrast to mammals, plasma 25(OH)D3 
values are not an important indicator of vitamin D 3 status in fish. In rora (Labeo rohita) fry 
(~100 mg) fed a (supposed to be) vitamin D 3 and D 2 free diet for 180 days showed no 
signs reduced growth (Ashok et al. 1998; 1999). Unfortunately final vitamin D 3 levels in 
the diet were not determined and the experiment was carried out in a pond system, which 
makes food intake difficult to control. One should take care in extrapolating such results, 
especially since some fish species seem to have a relatively low dietary requirement for 
vitamin D 3. For example, Tilapia mossambicus appears to have a relatively low dietary 
requirement for vitamin D 3 (Rao & Raghuramulu 1999). O ’Connell and Gatlin (1994) 
concluded that vitamin D 3 supplementation was not necessary for ~2.3 g blue tilapia 
(Oreochromis aureus) reared under laboratory conditions for 12 weeks. The vitamin D 3 
‘deficient’ diet however contained 1.6 .^g vitamin D 3 kg-1 diet, possibly enough to 
maintain normal growth. The minimum requirement for juvenile hybrid tilapia 
(Oreochromis niloticus x O. aureus) based on growth is estimated to be 9.4 .^g vitamin D 3 kg-1 
diet (Shiau & Hwang 1993).
Table 3. Estimates of minimum dietary requirements for vitamin D in mg kg-1 (IU kg-1)
Species Recommended Reference
Monopterus albus 0.125 (5000) Tan and He 2007
Salmo gairdneri 0.04 (1600) Barnett et al. 1982a
Salmo salar 0.06 (2400) Woodward 1994
Ictalurus punctatus 0.006 (250) Brown 1987
Ictalurus punctatus 0.05 (2000) Andrews et al. 1980; Brown and
Robinson 1992
Oreochromis niloticus x  O. aureus 0.009 (375) Shiau and Hwang 1993
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Salmonids appear to require larger amounts of vitamin D 3 in their diet compared to other 
fish species. Barnett and colleagues (1979) fed three months old rainbow trout fingerlings 
a vitamin D 3-deficient diet for 32 weeks. Within several weeks growth was reduced. 
Barnett and colleagues (1982a) estimated the minimum requirement for vitamin D 3 in 
rainbow trout to be in excess of 20 .^g vitamin D 3 kg-1 based on the incidence of tetany, 
the most common sign of vitamin D 3 deficiency, and on growth rate. Lower doses further 
resulted in an increase in both liver lipid content and white muscle intracellular lipid. 
Vitamin D 3 deficiencies can also affect thyroid hormone levels in rainbow trout 
(Leatherland et al. 1980). Amago salmon (Oncorhynchus rhodurus) (~2.5g) fed a vitamin D 3- 
free diet for 22 weeks weighed 75% less than the control fish fed the same diet 
supplemented with 500 ^g vitamin D 3 kg-1 diet. The vitamin D 3 deficient fish exhibited a 
thin epidermis, and extensively necrotized underlying musculature and hypocalcaemia 
(Taveekijakarn et al. 1996). The pathological changes in the vitamin D 3-free group were 
largely reversed after 4 weeks of feeding with a vitamin D 3 supplemented diet.
Fish are very tolerant to high levels of dietary vitamin D 3. Only a few reports on inhibited 
growth performance due to high dietary vitamin D 3 intake exist in fish (Andrews et al. 
1980; Vielma et al. 1998). In the majority of studies no negative effects of high dietary 
doses of vitamin D 3 were reported. Feeding Atlantic salmon fry 57 mg vitamin D 3 kg-1 
from first-feeding until 14 weeks later did not result in significant differences in weight, 
length, specific growth rate and mortality compared to groups fed 0.2 and 5 mg vitamin 
D 3 kg-1. Examining the gross morphology of the spinal column using alizarin alcian-blue 
staining, no skeletal malformations or deviations from the control fish were observed. In 
fixed vertebra tissue stained with haemalum-eosin no histopathological changes, like 
vertebra fusion, were observed (Graff et al. 2002a). Similarly, Atlantic salmon smolts 
(Horvli et al. 1998) and channel catfish (Brown and Robinson 1992) showed no signs of 
hypervitaminosis D when fed large amounts of dietary vitamin D 3. Fingerling (~0.5 g) 
brook trout (Salvelinus fontinalis) fed 93.750 .^g vitamin D 3 kg-1 diet for 40 weeks were 
hypercalcemic and showed elevated hematocrit values, but growth and mortality were not 
affected significantly (Poston 1968). Hilton and Ferguson (1982) observed that ~8 g 
rainbow trout on a diet containing 25.000 .^g vitamin D 3 kg-1 for 24 weeks exhibited no 
elevated levels of calcium, magnesium, sodium and phosphate in plasma or carcass, or any
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other apparent sign of hypervitaminosis D. Interestingly, the skin (including scales) did 
show a significant increase in calcium, magnesium and phosphate. This supports the idea 
that scales not only have protective properties for the fish but also serve as a (more 
readily available) store of calcium and phosphate than bone (Flik et al. 1986). Dietary 
vitamin D 3 levels can also influence the efficiency of intestinal phosphate uptake. 
Increasing dietary vitamin D 3 in rainbow trout resulted in lower phosphate effluent in a 
low-P diet, but not in a high-P diet (Coloso et al. 2001).
Supplementation of diets with vitamin D 2 instead of vitamin D 3 appears less effective. 
Barnett and colleagues (1982a) estimated from growth curves that dietary vitamin D 3 is 
roughly 3.3 times more potent than dietary vitamin D 2 in rainbow trout. The same 
appears to be true for humans, although many products for human consumption are 
fortified with vitamin D 2 (Armas et al. 2004; Houghton & Vieth 2006). Fish is considered 
to be an important natural source of vitamin D 3. Indeed, fatty fish and supplements are 
the greatest contributors to serum 25(OH)D3 in a multiethnic population in The 
Netherlands (Van der Meer et al. 2008). As addressed before, vitamin D 3 levels within 
wild fish species fluctuate, depending on the diet of the species. The way of preparation 
of fish also influences the amount of vitamin D 3 left in the end product (Bhuiyan et al. 
1993; Lu et al. 2006).
In the future cultured fish will become more important in the human diet than wild fish. 
The formulated diets used in aquaculture allow for a more controlled supply of vitamin 
D 3 to the fish. Matilla and colleagues (1999) did not succeed to raise vitamin D 3 content 
in muscle of rainbow trout. In Atlantic salmon, with a higher fat content in its muscles 
than rainbow trout, vitamin D 3 content in muscle can be raised by increasing dietary 
vitamin D 3 level (Graff et al. 2002b). Vitamin D supplementation of aquaculture feed with 
vitamin D is currently not supported by EC legislation (EC directive 1970). The current 
trend of replacing fish meal or fish oil partly by vegetable substitutes should be no 
problem in terms of meeting the minimum vitamin D requirement for fish; however it 
might reduce the benefits of vitamin D rich seafood (Bell & Waagb0  2008).
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A bstract
Seaward migration of Atlantic salmon (Salmo salar) is preceded by preparatory 
physiological adaptations (parr-smolt transformation) to allow for a switch from 
hypotonic freshwater (FW) to hypertonic seawater (SW). This switch also holds for 
ambient calcium, as FW is mostly hypocalcic (<1 mM Ca2+) to the plasma (~1.25 mM 
Ca2+) and SW strongly hypercalcic (8-12 mM Ca2+). Uptake, storage (skeleton, scales) and 
excretion of calcium need careful regulation to achieve calcium homeostasis. In fish, the 
vitamin D endocrine system plays a rather enigmatic role in this process; unfortunately 
there is a paucity of studies on the vitamin D endocrine system in fish. We report here 
direct evidence for the involvement of calcitriol in Atlantic salmon SW migration. We 
report the full sequence of the salmon nuclear vitamin D receptor (sVDR0) and two 
alternatively spliced variants resulting from intron retention (sVDR1 and sVDR2). Tissue 
distribution of the sVDRs was assessed by RT-PCR and sVDR expression in gill, intestine 
and kidney was quantified by RQ-PCR. In FW parr, SW adapting smolts and SW adults 
plasma concentrations of 25(OH)D3 and 24,25(OH)2D3 did not change significantly. 
Plasma calcitriol concentrations were lowest in FW parr but doubled during smoltification 
and these elevated values persisted in SW adults. The increase in calcitriol coincided with 
a two-fold decrease in sVDR mRNA levels in gill, intestine and kidney of FW smolts and 
SW adults when compared to parr. Clearly there was a predictable (negative feedback) and 
dynamic response of the vitamin D endocrine system during parr-smolt transformation. 
Interestingly, this shift already occurred in FW indicating that the vitamin D endocrine 
system plays part in the preparatory physiological adaptations during smoltification. The 
onset of these dynamic changes in FW parr warrants a further search for the endocrines 
that initiate these changes. We speculate that the vitamin D system plays a crucial role in 
calcium (and phosphorus) handling in Atlantic salmon.
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In troduction
The vitamin D endocrine system in vertebrates is a major regulator of calcium and 
phosphate homeostasis (Norman et a l, 2002). Current research focuses on two 
antagonizing vitamin D metabolites 24R,25-dihydroxyvitamin D 3 (24,25OH2D3) and 1,25- 
dihydroxyvitamin D 3 (1,25OH2Ü3; calcitriol), both of which are hydroxylation products 
of 25-hydroxyvitamin D 3 (2 5 O H D 3). Calcitriol, considered to be the most potent vitamin 
D metabolite, exerts its actions via the vitamin D receptor (VDR), a member of the 
nuclear receptor superfamily. The VDR shows great sequence and structural resemblance 
with the subfamily that includes peroxisome proliferator activator receptor (PPAR), 
thyroid hormone, and retinoic acid receptors (DeLuca & Zierold, 1998, Issa et a l, 1998, 
Jones et a l, 1998). Low serum levels of calcitriol cause type I rickets; the absence of the 
vitamin D receptor (VDR) results in type II rickets (Pettifor, 2004, Yagishita et a l, 2001). 
Several genes involved in control of calcium uptake are regulated by vitamin D, e.g. 
synthesis of calbindin D 9K, involved in active intestinal calcium transport, is under strict 
control of calcitriol (Bronner & Pansu, 1998, Darwish & DeLuca, 1992). Reabsorption of 
Ca in the kidney is partly dependent on calcitriol and the VDR. Another important 
function of the vitamin D endocrine system is regulation of phosphorus uptake. 
Phosphorus absorption in mammals is mainly regulated by 1,25(OH)2D3. Low-Pi diet, via 
stimulation of the activity of the renal 25-hydroxyvitamin-D3-1alpha-hydroxylase 
(1alphaOHase), leads to an increase in the plasma level of calcitriol (Brown A.J. et a l,
1999).
The vitamin D system appears to function in a similar fashion in fish. Indeed, all three 
major vitamin D metabolites are found in fish (Graff et a l, 1999, Larsson et a l, 2003, 
Suzuki et a l, 2000) and the VDR has been sequenced in Japanese flounder (Suzuki et a l,
2000), zebrafish (NM130919), and common carp (AJ784084). In European eel, Anguilla 
anguilla, calcitriol administration in vivo increased serum phosphate concentration 
(MacIntyre et a l, 1976), and in American eel, Anguilla rostrata, it increased intestinal 
calcium absorption (Fenwick et a l, 1984). This is interesting because in contrast to 
mammals, fish are not particularly dependent upon food for their calcium. The major 
fraction of calcium required by the fish is taken up directly from the water via the gills 
(Verbost et a l, 1994) and the uptake rate is largely independent of the water calcium
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concentration. Dietary calcium load may decrease branchial uptake to avoid overload and 
to ensure the required net influx for homeostasis and growth. In addition, vitamin D is 
involved in phosphorus metabolism. Vielma and colleagues (1998) hypothesized about a 
negative relation between phosphorus concentration in the diet and 25(OH)D3 content in 
the liver of Atlantic salmon. A hyperphosphatemic effect of vitamin D has been described 
in eel, Anguilla anguilla (Fenwick et al., 1984), catfish, Clarias batrachus (Swarup et al. 1984) 
and carp, Cyprinus carpio (Swarup et al., 1991).
Mineral absorption (including that of calcium and phosphorus) requires regulated 
(primary or secondary) active transport processes. In fish the antihypercalcemic 
stanniocalcin (Wagner et al., 1998) and the hypercalcemic calciotropes prolactin and 
parathyroid hormone related protein (PTHrP) dominate the regulation of calcium 
handling (Abbink et al., 2006); little is known about the presumed hypercalcemic role of 
calcitriol in fish. SW fish such as sea bream do express PTHrP, which was shown to exert 
hypercalcemic actions (Abbink et al., 2006, Guerreiro et al., 2001). The control of mineral 
homeostasis may be different in marine and freshwater environments (Brown J.A. et al., 
1991, Larsson et al., 1995).
During smoltification many physiological changes take place induced by various 
hormones. One of the most prominent changes during smoltification is the increase in 
levels of growth hormone (GH) (Ágústsson et a l, 2003, Ágústsson et a l, 2001). GH has 
an important role in stimulating growth and improving hypoosmoregulatory ability, which 
is accomplished through a multitude of mechanisms. One of the most important 
mechanism is the increase in branchial N a+/K +-A TPase activity to provide the fish with 
SW-type chloride cells (McCormick, 1996); isoform switch may be a second phenomenon 
in this adaptation. Ágústsson and colleagues (2003) measured an increase of both GH  and 
PRL mRNA expression during smoltification. After SW transfer GH  mRNA increased; 
PRL mRNA expression decreased steeply. GH  levels increase even further in SW 
facilitating a period of fast growth for Atlantic salmon. This period of fast growth 
demands the supply of many nutrients, especially calcium and phosphorus for skeletal 
growth.
In this report we have evaluated plasma vitamin D metabolite levels and quantified 
Atlantic salmon vitamin D receptor (sVDR) expression in the three main tissues (gills, 
intestine, kidney) involved in calcium and/or phosphorus homeostasis in Atlantic salmon,
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Salmo salar. We quantified plasma vitamin D metabolites and nuclear vitamin D receptor 
mRNA levels in FW salmon, SW salmon and intermediate stages during parr smolt 
transformation.
M aterials and  M ethods
Fish
FW adapted parr and SW adapted adult Atlantic salmon (NLA strain, Aqua Gen AS) were 
obtained from Matre Aquaculture Research Centre (Institute of Marine Research, Bergen, 
Norway). Fish were anaesthetised using 0.3 ml L-1 benzocain, sampled for blood and 
subsequently killed by a blow to the head. Tissue was immediately sampled as described 
below. Fish were not fed 24 hours before sampling.
Smolts (Bolaks strain, Tomre Fiskeanlegg AS, Eikelandsosen, Norway) were provided by 
the Institute of Marine Research, Bergen, Norway. Smolts were sampled prior to SW 
exposure, 7 days after transfer to a mixture of 50% FW and 50% SW, and 7 days after 
transfer to 100% SW. Fish were anaesthetised, killed and sampled similar to parr and 
adult.
Blood and tissue collection
Immediately after anaesthesia blood was collected from the caudal vessels using heparized 
syringes fitted with 24-Gauge needles; the blood was kept on ice. After centrifugation at 
1811 rcf for 15 min at 4 °C, the plasma thus obtained was collected and stored at -80 °C 
until analysis for 25(OH)D3, 1a,25(OH)2D3 and 24R,25(OH)2D3, as described by (Aksnes, 
1980).
The fish were killed by spinal transection and gill, gut (the section posterior to the caecae) 
and kidney tissue were collected and stored in RNAlater® (Ambion). A mid-piece of the 
left second gill arch of the fish was taken. The gut was flushed with saline to remove food 
and then stored. The peritoneal cavity was opened and the kidney exposed; a piece from
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the left side was sampled. Sampling of the parr and adult fish was carried out at about two 
hour travel distance from the institute. To standardize the procedure all samples were 
stored 24 hours at 4°C in RNAlater® before they were frozen at -80°C until RNA 
extraction.
Cloning and sequencing
To obtain the nucleotide sequence of the sVDR, two oligonucleotide primers, SSfw and 
SSrv (Table 1) were designed based on data of two teleosts, the zebrafish (Brachydanio rerio) 
and Japanese flounder (Paralichthys olivaceus). A piece of the mid-intestine was 
homogenised in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and RNA isolated 
according to the manufacturer’s instructions. One microgram of RNA was reverse- 
transcribed with 300 ng of random primers, 10 nmol dNTPs, 200 nmol, 10 U RNase 
inhibitor, and 200 U of RT Superscript II (Gibco-BRL) for 50 min at 37 °C. PCR with 
the SSfw and SSrv primers on the cDNA yielded a partial sVDR sequence. The 5’ and 3’ 
ends of the sequence were obtained by RACE (rapid amplification of cDNA ends)-PCR 
(GeneRacer, Invitrogen) according to the manufacturer’s protocol, including the use of 
nested PCR. Gene specific primers used for the RACE-PCR are found in Table 1.
PCR products were ligated into a pCR4-TOPO plasmid vector and transferred to 
chemically competent TOP10 Escherichia coli cells (TOPO TA cloning kit, Invitrogen). 
After selection on LB-kanamycin agar, plasmids of transformed cells were
isolated (miniprep; BioRad, Hercules, USA). Sequencing was performed by the 
dideoxynucleotide procedure (Sanger et al., 1977) using the ABI Prism BigDye Terminator 
Cycle Sequencing Ready Reaction Kit (Applied Biosystems) on the ABI Prism 310 
automated sequencer (Applied Biosystems).
Phylogenetic analysis
Sequences of available vertebrate sVDR receptors were retrieved from the NCBI site 
(www.ncbi.nih.gov), using the GenBank database. Multiple-sequence alignment was
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carried out with ClustalW at the EMBL website (www.ebi.ac.uk/clustalw/) from the 
European Bioinformatics Institute. Phylogenetic and molecular evolutionary analyses 
were conducted using MEGA version 3.1 (Kumar et a l, 2004) and a phylogenetic tree was 
constructed on the basis of amino acid difference (p-distance) with a neighbour-joining 
method with 1000 bootstrap replications.
Tissue distribution
Salmon from the NLA strain (Aqua Gen AS), smoltified six months prior to sampling, 
were used for the tissue distribution analysis of sVDR. Fresh samples of pyloric caecae, 
mid-gut, hind-gut, head kidney, kidney, spleen, liver, ovary, muscle, heart and brain were 
homogenised using MagNA Lyser Green Beads (Roche) with Trizol (Invitrogen). Skin, 
gill and vertebra samples were flash-frozen in liquid N 2 and homogenised in a mortar 
prior to Trizol extraction. Total RNA was purified using Trizol extraction and subjected 
to DNAse treatment (DNA- free™, Ambion). RNA quantity and quality (A260/280) was 
assessed using a NanoDrop ND100 spectrophotometer (Saveen Biotech) and by gel 
electrophoresis using an Agilent 2100 Bioanalyzer (Agilent Technologies). cDNA and 
PCR products were prepared using the OneStep RT-PCR kit (Qiagen) with gene specific 
primers for sVDR (OSVDRF, OSVDRR, Table 1), and 18S (AJ427629). One ^g of RNA 
was used in all reactions. Thermal cycling conditions were 30 min at 50 °C (RT), 15 min 
at 95 °C, 35 cycles with 40 sec at 94 °C, 1 min at 55 °C, 1 min at 72 °C, and a final 
elongation step with 10 min at 72 °C. PCR products were separated on a 2% agarose gel 
at 80 V (0.16 A) for one hour using ethidium bromide as a marker.
Real-time quantitative PCR
Expression levels of sVDR mRNA were assessed by the use of quantitative RT-PCR. 
Subsequent to Trizol extraction, RNA was DNAse treated to remove possible traces of 
genomic DNA using the DNA-freeTM kit (Ambion), Briefly, RNA was diluted with 0.1 
volume DNase buffer and incubated with 2 units rDNase I for 30 min at 37 °C. To
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inactivate DNase, 0.1 volume of DNase Inactivation reagent was added and the sample 
incubated for 2 min at room temperature. RNA quantity and quality (A260/280) was 
assessed using an Eppendorf Biophotometer. The RNA was reverse transcribed (RT) 
using the TaqMan Reverse Transcription Reagents kit (Applied Biosystems). Briefly, 
solutions were (final concentration): MgCh (5 mM), PCR buffer II (1 x volume), dNTPs 
(1mM each), RNase Inhibitor (1 U ^l-1), random hexamers (18S) or oligo d(T )16 primers 
(2.5 ^M) and MuLV Reverse Transcriptase (2.5 U .^l-1) in a total volume of 20 ^l. After an 
initial step of 10 minutes incubation at 25 °C, reverse transcription was performed for 60 
min at 48 °C followed by an inactivation step for 5 min at 95 °C and a decrease to 4 °C. 
For quantitative PCR analysis, 5 .^l of 5 times diluted RT-mix was used as template in 25- 
^l amplification mixture, containing 12.5 ^l SYBR Green Master Mix (Applied Biosystems 
Benelux, Nieuwerkerk aan den IJssel, The Netherlands) and 3 .^l of each primer (final 
concentration 600 nM). Primers were designed using Primer Express 2.0®. The sequences 
of the primer sets used in the quantitative PCR for sVDR (QVDRfw and QVDRrv) and 
the housekeeping genes 18S (Q18Sfw and Q18Srv) and elongation factor 1-a (QEL1fw 
and QEL1rv) are found in Table 1. All primer sets had an efficiency >98% and all 
products showed a single melting transition. After an initial step at 95°C for 10 min, a 
real-time quantitative PCR of 40 cycles was performed (GeneAmp 5700, Applied 
Biosystems), each cycle consisting of 15-s denaturation at 95°C and 1 min annealing and 
extension at 60°C. Cycle threshold (C t) values were determined and expression was 
quantified using the REST program (Pfaffl et al., 2002). All samples were assayed in 
triplicate. Both
housekeeping genes gave similar results. Results are presented here only relative to 18S 
expression.
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Table 1. Primer sequences
Name_____________________ Sequence (5’ ^  3’)
S S fw AAG GCA ACT GGA TTT CAC TTC AA
S S r v CAA AGC CGA TGA CTT TTT GGA
R A CESSfw GAT GTA CCA GGA CAG TGC TGG C
R A C E SSfw n AGA CTC CAG TGA GGA CGA TGG C
R A C E S S rv GCA GGT GAA ACT GGC CTT ACG C
R A C E S S rv n TTG CAG CCC TCA CAG GTC ATG G
QVDRfw CAG GTC ATC GCC TCA TTG GT
Q V D Rrv CTG AGG AGG CAT CTG ACA GAG A
Q E L la fw CCC CTC CAG GAC GTT TAC AAA
Q E L l a r v CAC ACG GCC CAC AGG TAC A
Q 1 8 S fw CCC CGT AAT TGG AAT GAG TAC ACT TTT
Q 1 8 S r v ACG CTA TTG GAG CTG GAA TTA CC
OSVDRfw CCC ACC ACA AGA CCT ATG AT
O SV D R rv CGC AGT ACT TGA AGT CAG GA
Statistical analysis
Statistical analysis of sVDR mRNA expression was analysed using the REST program 
(Pfaffl et al., 2002). Vitamin D metabolite data are expressed as means ± standard 
deviation (s.d.); differences among groups were assessed by ANOVA. Significance of 
differences was assessed by parametric (Student’s t-test) or non-parametric (Mann­
Whitney U-test) where appropriate and P<0.05 was taken as fiducial limit.
Results
Plasma concentrations of vitamin D  metabolites
Plasma levels of 1,25(OH)2D3 (Table 2) increase significantly (p<0.05) in FW smolt (1.19 
± 0.45 nM) compared to FW parr (0.46 ± 0.22 nM). The highest plasma levels of 
1,25(OH)2D3 (4.20 ± 1.00 nM) were found in the transition phase, when the fish were in 
50% FW /50%  SW, which is about 9 times higher than the value for parr. Plasma levels of 
1,25(OH)2D3 decrease again after transfer to 100% SW (0.98 ± 0.43 nM) and stay at this 
level in adult fish (0.96 ± 0.27 nM), a value two times higher than that observed in parr. 
No significant changes in plasma concentrations of either 25(OH)D3 or 24,25(OH)2D3
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were found between any of the groups, although significant variations in values between 
individual fish within the same group occurred.
Table 2. Serum concentrations of the vitamin D metabolites 25(OH)D3, 24,25(OH)2D3 and 1,25(OH)2D3 
in Atlantic salmon parr, adult, FW smolt, 50%SW smolt and SW smolt.
Values are the average of 8 fish ± SD. Significant differences (p=0.05) are indicated with a, b or c. FW = 
freshwater, SW = seawater.
Group 25(OH)D3 (nM) 24,25(OH)2D3 (nM) 1,25(OH)2D3 (nM)
Parr 4.1 ± 3.87 0.4 ± 0.59 0.46 ± 0.22a
FW smolt 5.1 ± 7.59 1.8 ± 1.08 1.19 ± 0.45b
50% SW smolt 1.4 ± 1.46 5.4 ± 8.29 4.2 ± 1.00c
SW smolt 1.8 ± 3.10 1.3 ± 2.65 0.98 ± 0.43b
Adult 5.8 ± 5.56 0.5 ± 0.39 0.96 ± 0.27b
Cloning and sequencing of sV D R
The full-length 1,684 bp cDNA sVDR0 sequence contains an open reading frame 
encoding a protein of 423 amino acids (Fig. 1; EMBL database: accession number 
AJ780914). During 3’ RACE two isoforms of the sVDRO, vi% sVDR1 (AM238619, fig. 2) 
and sVDR2 (AM238620, fig. 3) were identified. We compared the sVDR0 sequence with 
that present the zebrafish VDR genome and identified 8 exons in the sVDR0 (start of 
each exon is boxed in grey in Fig. 1). In both spliced variants sVDR1 and sVDR2, the 
first two basepairs differed from the sVDRO and are £gt’ (boxed in Fig. 2 and Fig. 3), 
which is the characteristic signal for the start of an intron. The strongest evidence for 
intron retention is probably the place of the splicing site, which is exactly in between two 
exons. We therefore conclude that the isoforms sVDR1 and sVDR2 are both generated 
from the primary transcript by alternative splicing due to intron retention.
Phylogenetic analysis
The relationship between the salmon canonical sVDR0 and orthologs of other species is 
presented in a consensus phylogenetic tree (Fig. 5). VDRs are rather conserved in 
vertebrates (Fig. 4), indicated by relatively high sequence identities in the fish line (Danio 
rerio 89%; Paralichthys olivaceus type a 90%; type b 87%) and with that of Homo sapiens
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(70%). The proper clustering of the fish VDR sequences (indicated in grey) and separate 
from amphibia, reptiles, birds, and mammals is in line with the consensus about evolution 
of the vertebrates.
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361 L Q A Y  I R V N H P G G R L L Y A R M I  Q K L A D L R S L N
g c tc c a g g c c t a c a t c a g a g t g a a c c a c c c a g g a g g a c g g c t g c t c t a t g c c  a g g a t g a t c c a g a a g c tg g c c g a c c tg c g c a g c c t c a a  13 50
391 E E H S  K Q Y R S L S F Q P E H  S M Q L  T P L V L E V F G S
c g a g g a g c a c t c c a a g c a g t a c c g c t c g c t g t c c t t c c a g c c a g a g c a c a g c a t g c a g c t c a c c c c g c t g g t g c t g g a g g t g t t t g g g a g  14 40
421  E V S *
c g a g g t g t c a t a g ^ a g c c c c t c t g a c c c c t c c c c a t g a g g g a c c c c c t a g a t g g c g t t g a g a t g c t g g a t g g a g g a t t c a g c g a t g g a a g  153 0
g g t a t t t g a g g g g g a t a g c c g a a t g g a c c t g a t a g t c a c a c t g t c a a a g a a g g t t t t g g g g g g t t a a t t a g g g g a t t g t g a g t a a a g a g a  1620
G g a g t g a g g g g c t t t g a t a a g g t t g g a a t t t c c c a t t g a t a a a a a a a a a a a a a a a a a a a a a a a a  1684
Figure 1. Full-length nucleotide and deduced amino acid sequence of the Atlantic salmon canonical 
vitamin D receptor (sVDR0) cDNA. The start codon is underlined, the stop codon is indicated by an 
asterisk (*). The first nucleotide of an exon, based on the zebrafish genome is boxed in grey. EMBL 
accession number AJ780914.
73
Chapter 3
a c a a a g a c a g a c a t t a c t g c a c c tg a g g g g t tg a a a g a a t a a g a g a g c c a c c t a a a g g a g tg t t a g g c a g a g g a g a g  a g g a g a a t a c t c g  90
t t t t c t c g c a g a c c t t g g g g a t t t t g t c t g g a a c t g t a t t t t c t a a t t c a g a g g a a a t g g a t c c a c a g a c c c c t c t c t g a g t c a c t c a g t  180
a a t a a a a a c c a t a q c t a t a a a c a c a t c t a t a a t a a a c r c c t a a t a a a t t t g a c c g c a a c g c g c c g c g c a t c t g t g g c g t c t g t g g c g a c a a  270
g g c c a c a g g c t t c c a c t t c a a c g c c a t g a c c t g t g a g g g c t g c a a a g g c t t c t t c a g a c g c a g c a t g a a g c g t a a g g c c a g t t t c a c c t g  360
c c c c t t c a a c g g c a g c tg t a c c a t c a c c a a g g a c a a c c g g c g g c a c tg c c a g g c c tg c c g  g c t c a a a c g c t g c g t g g a c a t c g g c a t g a t  450
g a a g g a g t t e a t c e t g a c a g a tg a g g a g g tg c a g a g g a a g a a g g a c c tg a tc c a g a a g a g g a a g g a g g a a g a g g c g g c g c g g g a g g c c t t  54 0
g a g a c c ta g g c tg a a c g a c g a g c a g a g c c a g g t e a t c g c c t c a t t g g t g g a g g c c c a c c a c a a g a c c t a t g a t g a c t c c t a c t c t g a c t t  630
a g a c t c c t t c a a c c a c t c a c c a g l g t c t g t g g a c a c c a a g c t g a t g a a c t t c a g c a g t c t g t t g a t g a t g t a c c a g g a c a g t g c t g g c a g  810
c c c a g a c t c c a g t g a g g a c g a t g g c t c c a a a c t c t c t a t g c t g c c c c a c c t g g c t g a c c t g g t c a g c t a c a g c a t c c a g a a g g t c a t c g g  900
c t t c g c t a a g a t g a t t c c t g g c t t c a g a g g g c t g a c t g c t g a g g a c c a g a c c g c c c t g c t g a a a t c c a g t g c c a t c g a g a t c a t c a t g c t  990
g c g t t c c a a c c a g t c e t t c a a c c e a g a g g a c a t g t c c t g g a g c t g t g g t g g t g g t c c t g a c t  t c a a g t a c t g c g t c a a c g a c g t c a c c a a  1080
g g ^ t j g a a a t a c a t g t a c a c a c a c a a t a c a t g t a t t a a a c t c c c c t c c g c a t g t t t a a a t t t g g c t c t a t a c t c c a g c t t t t t g g t t t t g a  1170
g a t c a a a t g t t t c a t a t a a a g c a a a a g g t g a c a t t c t g c a c a g t t a t t t t a g g  g t a t t t t c a t a t c t g t t t t a c c g t t t a g a a a t g g a a g  1260
c a c t a t g t a c a g t g c a t t t a a a a a g t a t t c a g a c t c c g t g a c t t t t t c c a c a t t t t g t t a c g t t a t a c t t a t t c t a a a a t t g a t t a a a t a  1350
g t t t c c t c a t c a a t c a a c a c a c a c t a c c c c c a t a a t g a c a a a g c a a a a a c t g t t t t t t g g a a a t g t t t g c a a a t g t a t a a t a a t a a a a a a  14 40
Figure 2. Full-length nucleotide and deduced amino acid sequence of Atlantic salmon vitamin D receptor 
(sVDR1) cDNA. The start codon is underlined, the stop codon is indicated by an asterisk (*). The place of 
intron retention is boxed. EMBL accession number AM238619.
a c a a a g a c a g a c a t t a c t g c a c e t g a g g g g t t g a a a g a a t a a g a g a g c c a c c t a a a g g a g t g t  ta g g c a g a g g a g a g a g g a g a a ta c tc g  90
g a t^ g a g a c c a t g i i c t g t g a g c a c g t c t g t g g t g g g g c c t g a t g a g t t t g a c c g c a a c g c g c c g c g c a t c t g t g g c g t c t g t g g c g a c a a  27 0
g g c c a c a g g c t t c c a c t t c a a c g c c a t g a c c t g t g a g g g c t g c a a a g g c t t c t t c a g ^ c g c a g c a t g a a g c g t a a g g c c a g t t t c a c c t g  360
c c c c t t c a a c g g c a g c tg t a c c a t c a c c a a g g a c a a c c g g c g g c a c tg c c a g g c c tg c c g  g c t c a a a c g c t g c g t g g a c a t c g g c a t g a t  450
g a a g g a g t § c a t c c t g a c a g a t g a g g a g g tg c a g a g g a a g a a g g a c c tg a tc c a g a a g a g g a a g g a g g a a g a g g c g g c g c g g g a g g c c t t  54 0
g a g a c c t a g g c t g a a c g a c g a g c a g a g c c a g g t e a t c g c c t c a t t g g t g g a g g c c c a c c a c a a g a c e t a t g a t g a c t c c t a c t c t g a c t t  630
c t c a c g c t t c a g g f l c e c c a g t g c g a g a g g g c c c a g t a a c a c g c a g t g c c a g t c g t g c a g e e t c c c t t c a c t c t c t g t c a g a t g c c t c e t e  72 0
a g a c t c c t t c a a c c a c t c a c c a g l g t c t g t g g a c a c c a a g c t g a t g a a c t t c a g c a g t c t g t t g a t g a t g t a c c a g g a c a g t g c t g g c a g  810
c c c a g a c t e c a g t g a g g a c g a t g g c t c c a a a c t e t c t a t g c t g c c c c a c c t g g c t g a c e t g g t c a g c t a c a g c a t c c a g a a g g t c a t c g g  900
c t  t c g c t a a g a t g a t t c c t g g c t t  c a g ^ t j t a t t g t c c t  g c tg a a a g g tg a a  t t  c a t c t c c c a g t g t c t g t  tg g a a g g c a g a c tg a a c c a g  990
g t t t t c c t c t a g g a t t t t g c c t g t g e t t a g g t c c g t t c o a t t t g t t t t t t t t t t c t t a a a a a a a g a c t c c c c a g t c c t t a a t g a t t a c a a  1080
g c a t g c c c a t a a c a t g a t g c a g c c a c c a c t a t g c t t g g a a a t a t g t a a t g t g t t g t a t t g g a t t t g c c c c a a a c a t a a c a c t t t g t a a t c  1170
a g g a c a a a a a g t g a a t t g c t t t g c c a c a t t t t t t g c a g c a t t a c g t t a g t g c c t t g t t g c a a a c a g g a t g c a t g t t t t g g a a t a t a t g t a  12 60
t t t t g a a c a g g c t c c c t t t t c a c t c t g t t a a t t a g g t t a g t a t t a t t t g g t a a c t a c a a t g t t g t t g a a c c a t c c t c a g t t t t c t c c a a t  1350
Figure 3. Full-length nucleotide and deduced amino acid sequence of Atlantic salmon vitamin D receptor
(sVDR2) cDNA. The start codon is underlined, the stop codon is indicated by an asterisk (*). The place of 
intron retention is boxed. EMBL accession number AM238620.
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Figure 4. Multiple alignment of VDRs of seven different vertebrate species and the sea lamprey. Hyphens 
indicate gaps that were introduced to achieve maximum identity. Identical amino acids are indicated in 
black boxes; conservative substitutions are in grey. *; cysteine residues critical for Zinc finger formation. ^; 
amino acids important for heterodimerization with RXR. #; amino acids important for binding 
1,25(OH)2D3. The different domains of the nuclear receptor are indicated below the sequence. Accession 
numbers: sea lamprey (Petromyzon marinus) VDR, AY249863; bastard halibut (Paralichthys olivaceus) VDR 
type a, AB037674; bastard halibut (Paralichthys olivaceus) VDR type b, AB037673; atlantic salmon (Salmo 
salar) VDR, AJ780914; zebrafish (Danio rerio) VDR, NM_130919; xenopus (Xenopus laevis) VDR, U91846; 
chicken (Gallus gallus) VDR, NM_205098; human (Homo sapiens) VDR, NM_000376.
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Figure 5. Neighbor-joining tree of VDR receptor amino acid sequences. Numbers at branch nodes 
represent the confidence level of 1,000 bootstrap replications. Peroxisome proliferative activated receptor 
(PPAR) was used as out-group. Accession numbers: sea lamprey (Petromy%on marinus) VDR, AY249863; 
bastard halibut (Paralichthys olivaceus) VDR type a, AB037674; bastard halibut (Paralichthys olivaceus) VDR 
type b, AB037673; atlantic salmon (Salmo salar) VDR, AJ780914; zebrafish (Danio rerip) VDR, 
NM_130919; common carp (Cyprinus carpio) VDR, AJ784084; chicken (Gallus gallus) VDR, NM_205098; 
quail (Coturnix japonica), U12641; gecko (Gekko gecko) VDR, AY254096; xenopus (Xenopus laevis) VDR, 
U91846; rat (Rattus norvegicus) VDR; NM_017058; mouse (Mus musculus) VDR, NM_009504; tamarind 
(Saguinus oedipus) VDR, AF354232; human (Homo sapiens) VDR, NM_000376; atlantic salmon (Salmo salar) 
PPAR, AJ292963; zebrafish (Danio retío) PPAR, XM_686663; chicken (Gallus gallus) PPAR, 
NM_001001464; mouse (Mus musculus) PPAR, NM_011144; human (Homo sapiens)PPAR, NM_001001928
Tissue distribution
To assess the tissue distribution of the sVDR gene expression, we used RT-PCR (Fig. 6). 
The predicted 470 bp sVDR was found throughout the intestine, head kidney, kidney, 
pituitary, ovary, muscle and gill. We could not detect sVDR expression in the spleen, 
heart, liver and skin. Attempts to demonstrate sVDR in skeletal tissue failed, which we 
relate to the difficult extraction of RNA from this tissue. However, in other unpublished 
studies we succeeded to obtain sVDR signal from both bone and scales. The mid-gut-RT,
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which served as control for potential genomic DNA contamination, was negative. The 
preparation of cDNA was assumed to be proper, judged on the successful amplification 
of an 87-bp 18S fragment in all organs.
Figure 6. RT-PCR analysis of tissue expression of sVDR, 18S serves as a control. Lane 1, NAC; 2, NTC; 
3, spleen; 4, heart; 5, liver; 6, hind intestine; 7, mid intestine; 8, pyloric cecae; 9, head kidney; 10, kidney; 
11, ovary; 12, ovary; 13, muscle; 14, pituitary; 15, gill; 16, skin.
Expression of the sV D R
Due to low expression of sVDR1 and sVDR2 (500-1000 times lower than sVDR0) we 
were not able to get reliable results on their quantitative expression. We therefore decided 
to design one primer-set over an intron and at the beginning of the sequence to include 
all three transcripts sVDR0, sVDR1 and sVDR2 in our quantitative analyses. sVDR 
expression in the kidney (Table 3) is 2.8-fold down-regulated (p = 0,01) in FW smolt 
compared to parr. During seawater transfer, the sVDR is upregulated to levels 
intermediate between parr and FW smolt. In adult SW fish the expression of the sVDR is 
again down-regulated and 3-fold (p = 0,015) lower than that in parr, but not significantly 
different from FW smolt.
sVDR expression in the mid-gut is 2.2 fold (p = 0,007) down-regulated in the FW smolt 
compared to parr. In 50% SW smolt, the expression of the sVDR increases (p < 0.05) 
compared to FW smolt, to a similar level as seen in parr. In SW fish the expression 
declines again and adult fish show a significantly lower sVDR expression (p < 0,05) than 
parr and fishes in 50% SW.
The expression of sVDR in the gill of FW smolt is down-regulated 2.4-fold (p = 0,0015) 
compared to parr. During seawater transfer sVDR expression is upregulated to the same
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level as in parr. sVDR expression in adult fishes is significantly decreased (p<0.05) 
compared to parr, 50%SW and SW smolt, but not significantly different than FW smolt.
In fig. 7, 8 and 9 we plotted calcitriol plasma levels against sVDR mRNA expression in 
kidney, gill and intestine respectively. Each graph shows 6 individual fish from group 
‘parr’, 'FW smolt’ and 'adult’. In all tissues we see a negative correlation between calcitriol 
plasma levels and sVDR mRNA expression. Data on parr are clustering separately from 
FW smolt and adult fish.
Table 3. sVDR expression in the gill, intestine and kidney of parr, FW smolt, 50%SW smolt, SW smolt 
and adult Atlantic salmon. Values are the average of 8 fish ± SD. The sVDR expression in the parr kidney 
group was set at 100%, other sVDR expressions are relative to parr kidney. Relative changes in sVDR 
expression within each tissue is indicated within brackets (tissue parr = 100%) and significant differences 
(p = 0.05) are indicated with a, b or c. FW = freshwater, SW = seawater._____________________________
Group Kidney Intestine Gill
Parr 100 ± 39.2 (100a) 128 ± 61.7 (100a) 146 ± 52.7 (100a)
FW smolt 41 ± 28.3 (41b) 58 ± 29.2 (45b) 56 ± 16.6 (39bc)
50% SW smolt 64 ± 57.9 (64ab) 136 ± 88.3 (107a) 104 ± 51.4 (71 ab)
SW smolt 82 ± 61.8 (82ab) 86 ± 18.1 (67ab) 125 ± 57.8 (86a)
Adult 41 ± 27.2 (40b) 56 ± 24.5 (44b) 49 ± 14.5 (33c)
Figure 7. Plasma calcitriol and sVDR expression in the kidney of Atlantic salmon (Salmo salar) in two fresh 
water stages; parr and FW smolt and the salt water stage adult.
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Figure 8. Plasma calcitriol and sVDR expression in the gill of Atlantic salmon 
water stages; parr and FW smolt and the salt water stage adult.
in two fresh
Figure 9. Plasma calcitriol and sVDR expression in the intestine of Atlantic salmon (Salmo s 
fresh water stages; parr and FW smolt and the salt water stage adult.
in two
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D iscussion
The demonstration of sVDR in calcium regulatory tissues plus a negative feedback 
relation between plasma calcitriol levels and sVDR mRNA expression provide firm 
evidence for a functional vitamin D  endocrine system in Atlantic salmon. N o correlation 
between plasma levels of 24,25(OH)2D3 or 25(OH)D3 and sVDR mRNA was found, 
suggesting that 1,25(OH)2D3 is the only ligand for sVDR tested in this study. Three other 
key observations were made. First, salmon sVDR has two spliced variants due to intron 
retention. Second, plasma calcitriol levels more than doubled in SW fish and coincide 
with decreasing levels of sVDR expression in gill, intestine and kidney. Third, vitamin D 
metabolite levels and sVDR expression in FW smolts are not significantly different to SW 
adult fish, indicating a calcemic pre-adaptation in FW. We will elaborate on these findings 
below.
V D R s in salmon
Intron retention has been demonstrated for a mouse VDR once before (Ebihara et al., 
1996). This is the first report for such a phenomenon outside mammals, in a teleostean 
VDR. Intron retention of both the sVDR1 (intron 7) and sVDR2 (intron 6) occurs in the 
E /F  domain and as a consequence both receptors are predicted to be impaired in RXR 
heterodimerization and ligand binding. The splicing of the murine VDR occurs at intron 
8, also in the E /F  domain (Ebihara et al., 1996) and it was concluded that homodimer 
spliced variants may compete at specific VDR responsive elements and by doing so 
prevent actions of the canonical VDR. We can only speculate on a similar role for the two 
spliced variants in salmon. However, we predict that the vast majority (>99%) of the 
sVDR mRNA consists of the canonical receptor sVDR0 making this transcript 
presumably the most important in Atlantic salmon.
However, low mRNA levels do not by default exclude a role for the spliced variants and 
it is important to make some remarks on the nature of these variants. A common feature 
among the spliced variants known to us is that splicing always occurs in the E /F  domain. 
Indeed, in common carp (Cyprinus carpio) VDR (AJ784084) we found two alternatively
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spliced variants that result from intron retention, again in the E /F  domain. Cypriniformes 
(belonging to the Ostariophysi) and Salmoniformes (belonging to the 
Protacanthopterygi;(Nelson, 1994) share a common ancestor in the Cretaceous period 
some 130-140 million years ago. Teleost and mammals shared a common ancestor 450 
million years ago (Hoegg & Meyer, 2005). A recently proposed model for VDR activity 
(Norman, 2006) describes chirality dependant ligand effects on the VDR that translate 
into either slow classical genomic or more rapid responses. Clearly the vitamin D 
endocrine system is only partly understood. The 'survival’ of the spliced variants during a 
significant time of evolution demonstrated here suggests a functional role for the variants 
and understanding their functionality may require research proceeding from such new 
insights.
From F W  to SW ; increasing caldtriol and decreasing sV D R
Plasma calcitriol levels more than doubled in SW adult salmon compared to FW parr. 
Simultaneously, the mRNA expression of sVDR decreases in gill, intestine and kidney. 
Three important considerations concerning the sVDR and its ligand calcitriol should be 
advanced before we can further hypothesize about the function of the vitamin D 
endocrine system in this salmon. First, the affinity of the sVDR to calcitriol is unknown, 
and awaits transactivation studies. Second, we have no information on metabolic 
clearance and secretion rates or distribution space of calcitriol in FW and/or SW Atlantic 
salmon. Third, we have to keep in mind that other targets for calcitriol exist, viz. a 
putative membrane receptor of the GPCR-class (Larsson et al., 2003). This means we 
cannot solely depend on calcitriol and sVDR data to understand the calcitriol system 
completely.
As mentioned in the considerations above, a membrane receptor for 1,25OH2D3 is likely 
to exist: within minutes after administration, 1,25OH2D3 increases intestinal calcium 
transport and activates protein kinase C in FW fish (Nemere et al., 2000) and mammals 
(Boyan et al., 1999, Wali et al., 2003). Larsson and colleagues (2003) conducted binding 
studies to enterocyte membrane receptors for 1,25OH2D3 in rainbow trout (Oncorhynchus 
mykiss), a close relative of salmon. They demonstrated that after acclimation to SW
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specific binding of calcitriol decreased, which they interpreted as a down-regulation of the 
plasma membrane vitamin D receptor due to a decreased need for short term 
1,25(OH)2D3 driven calcium transport. The longer term calcitriol actions via the nuclear 
VDR have not been studied in salmon before. Increasing plasma calcitriol concentrations 
do not by default result in increased stimulation of vitamin D  responsive elements 
(VDRE). Studies in humans (Ebeling et a l, 1992) and rats (Horst et a l, 1990) have 
demonstrated that intestinal resistance to calcitriol exists and is related to aging. Despite 
increasing plasma calcitriol levels intestinal calcium absorption decreases, due to 
decreased intestinal VDR levels. This phenomenon contributes to age-related bone loss in 
humans and rats. As mentioned before, immediately following SW transfer Atlantic 
salmon experience a growth spurt that requires large quantities of both calcium and 
phosphorus. It is unlikely and unwanted that decreasing levels of sVDR and presumably 
also the putative membrane VDR levels result in a decrease in calcium uptake. Larsson 
and colleagues (2003) furthermore found an increase of 24,25(OH)2D3 plasma levels and 
specific binding of 24,25(OH)2D3 to enterocyte membranes in rsainbow trout after SW 
transfer. We did not find significant changes in 24,25(OH)2D3 or 25(OH)D3 plasma levels 
in this study, as the variation in 24,25(OH)2D3 and 25(OH)D3 between fish within the 
same group was rather large.
Phosphorus is also an important mineral for bone formation and its uptake is regulated by 
vitamin D (Cross et al., 1990). Like FW, SW contains normally little or no free 
phosphorus and the major source of phosphorus is the diet. Vielma and Lall (1998) 
demonstrated that control of phosphorus homeostasis in Atlantic salmon is similar to that 
in vertebrates. Phosphorus absorption occurs via a regulated process in the intestine. The 
kidney contributes to phosphorus conservation to guarantee sufficient supply for bone 
formation (fish deposit apatites in their bone as do mammals; Flik et a l, 1986). 
Phosphorus is a major waste product in aquaculture and phosphorus wasting is 
intentionally kept to a minimum. Fish feeds contain generally about as much phosphorus 
as the fish requires for homeostasis and growth, and might at some stages even be the key 
limiting diet component. A low-Pi diet leads to increased plasma levels of calcitriol, via 
stimulation of renal 25-hydroxyvitamin-D3-loc-hydroxylase (laO H ase) activity. 
Conversely, increased concentrations of vitamin D 3 in the diet lead to increased plasma Pi 
levels in rainbow trout (Avila et a l, 1999). Dietary phosphorus requirement for Atlantic
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salmon has been studied (Vielma & Lall, 1998a, 1998b), but no data on vitamin D 
metabolites were included. Phosphorus absorption is not entirely regulated by the nuclear 
VDR. Low levels of 1,25(OH)2D3 elicit a rapid increase (4-8 min after administration) in 
Pi transport in the perfused duodenal loop of normal chicks (Nemere, 1996). Such fast 
effects suggest a signal transduction pathway independent of genomic regulation. 
Moreover, it suggests a (direct) coupling of calcitriol and phosphorus transport 
mechanisms. Indeed, if this direct coupling exists in Atlantic salmon than the predicted 
enhanced need for phosphorus during the growth spurt of the salmon at sea would clearly 
benefit from higher plasma calcitriol levels to guarantee maximum phosphorus uptake 
and retention within physiological limits. With the differences in calcium and phosphorus 
availability and uptake routes mentioned above, the picture emerges of a dual uptake 
route for calcium (gills and intestine) and a single route for phosphorus (intestine). The 
ion-transporting cells in fish gills (chloride cells; Flik et a l, 1996) and intestine 
(enterocytes) thus differ in their make-up for calcium uptake or combined calcium and 
phosphorus uptake, respectively, and it is interesting to elucidate the role of the vitamin D 
endocrine system in these transports.
However, we must realise that unlike mammals which are dependent upon their food for 
calcium, fish have access to an unlimited amount of calcium via the ambient water. In fish 
it is phosphorus availability that is limited, and fast non-genomic responses in phosphorus 
uptake are therefore highly desirable. Further research is needed to investigate the role of 
the vitamin D endocrine system in short and long term phosphorus uptake in salmon.
Smoltification and vitamin D;pre-adaptation to seawater
During smoltification the fish prepares itself for life at sea and undergoes morphological 
as well as physiological changes. External stimuli like light trigger the smoltification 
process, and several hormones involved in the smoltification process (GH, PRL) have 
been identified (McCormick et a l, 1987). The results of this study will add a new hormone 
to this list, e.g. calcitriol. Compared to parr, calcitriol plasma level and sVDR mRNA 
expression in FW smolts significantly (p<0.05) increase respectively decrease and these 
levels are retained in SW adult fish. There is no significant difference (p>0.05) in calcitriol
83
Chapter 3
plasma levels and sVDR mRNA levels between FW smolt and SW adult salmon. This 
indicates that during smoltification the calcitriol-sVDR axis in FW is changing to the SW 
status. Plasma calcitriol levels during SW transfer significantly fluctuate. They are highest 
in 50% SW smolts, about 3-4 times higher than FW or SW smolts. This is in line with 
observations in rainbow trout (Larsson et a l, 2003). One day after SW transfer calcitriol 
plasma levels peaked in trout and decreased with time spent in SW.
Changes in sVDR mRNA level and plasma calcitriol in our study do substantiate a role 
for the vitamin D endocrine system in the physiology of Atlantic salmon. The observation 
of sVDR variants which are spliced in one of the key functional protein domains and 
expressed at mRNA level in both teleost and mammalian species warrants further 
research for a more complete understanding of the vitamin D  endocrine system.
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A bstract
This study investigates the effect of different smolt production strategies on vertebral 
morphology (radiology), composition (mineral content) and mechanical strength (load­
deformation testing) in Atlantic salmon (Salmo salar). Rapid-growing underyearling (0+) 
smolt were compared with slower-growing yearling (1 +) smolt and a reference group of 
wild smolt (w). The underyearling and yearling smolt were transferred to seawater in 
October 2002 and May 2003, respectively. The underyearling smolt were reared under 
continuous light and the yearling smolt under natural light during the first twelve weeks in 
seawater, at ambient temperatures. Thus, the underyearling smolt hit seawater at 13 oC 
and were reared at 10-13 oC during the early seawater phase, whereas the yearling smolt 
hit seawater at 7 oC and were reared at 7-10 oC during the early seawater phase. All groups 
displayed increased longitudinal growth (up to 9% increase in relative length) of the 
caudal vertebrae during parr-smolt transformation. However, at transfer to seawater, the 
underyearling smolt had significantly lower vertebral mineral content (0+ 44%, 1+ 47%, 
w 50%) and higher incidence of deformed vertebrae (0+ 1.5%, 1+ 0%, w 0%), and at 
twelve weeks after transfer to seawater significantly lower vertebral mineral content (0+ 
36%, 1+ 41%, w 43%), yield-load (0+ 6492 g, 1+ 8797 g, w 9150 g) and stiffness (0+ 
7578 g/m m , 1+ 15161 g/m m , w 20523 g/m m ), and significantly higher incidence of 
deformed vertebrae (0+ 2.5%, 1+ 0.3%, w 0%). There was a significant correlation 
between the mineral content and mechanical properties of the vertebrae. The 
underyearling smolt had significantly elevated plasma concentrations of total Ca, and P 
and Ca2+ during the parr-smolt transformation and in the early seawater phase. The 
results show that underyearling smolt may have an increased risk of developing vertebral 
deformities. It is possible that this risk can be reduced by postponing the start of the 
short-day treatment. This will reduce the temperature during smoltification, the 
temperature and daylength during the early seawater phase, and increase the age at 
smoltification.
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In troduction
During the parr-smolt transformation the Atlantic salmon changes from a bottom- 
dwelling parr to a smolt adapted to a pelagic life in the sea (Folmar and Dichoff, 1980; 
Hoar, 1988). This transformation involves down-stream swimming (Lundqvist and 
Eriksson, 1985), development of hypo-osmoregulatory ability (Johnston and Saunders, 
1981; McCormick et al, 1987), silvering of the body (Johnston and Eales, 1967) and 
development of a more streamlined body (Farmer et al, 1978). In coho salmon 
(Oncorhynchus kisutch), the change in body shape during parr-smolt transformation is 
related to differential growth, primarily in the caudal part of the fish (Winans and 
Nishioka, 1987). The anatomical basis for the change in body shape have, however, not 
been elucidated. Seasonal changes in photoperiod are the most important environmental 
cue for parr-smolt transformation (Hoar, 1988; Saunders et al., 1994), which takes place 
during the spring.
In commercial smolt production, artificial photoperiods and elevated temperatures 
are employed for off-season smolt production. At start-feeding in the spring, salmon fry 
are exposed to continuous light (Berg et al., 1992) and elevated water temperatures 
(Siemien and Carline, 1991) in order to stimulate growth. Later, the parr are exposed to 
one of two alternative photoperiods, which are used to produce either underyearling or 
yearling smolt. At a length of 10 cm the underyearling smolt are subjected to a reduction 
in day length (normally twelve hours) for six weeks (‘winter’), followed by continuous 
light for six weeks (‘spring’). The fish are then transferred to seawater in the autumn of 
the same year of hatching. Meanwhile, the yearling smolt are subjected to a natural 
photoperiod sometime between midsummer and late October and transferred to seawater 
the following spring (Duston and Saunders, 1995; Duncan and Bromage, 1998; Duncan et 
al., 1998; Hansen et al., 1999). Thus, the underyearling smolt are reared at higher 
temperatures than yearling smolt both during parr-smolt transformation and the early 
seawater phase. Furthermore, the underyearling smolt are often reared at continuous light 
after transfer to seawater to enhance growth (Oppedal et al., 1999), whereas yearling smolt 
are always reared at natural light at this stage of the production cycle. Thus, underyearling 
smolt grow more rapidly than yearling smolt both during smoltification and the early 
seawater phase (Lysfjord et al., 2004). This may affect the mineralisation of vertebral bone,
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which is a slow process that takes place secondly to the deposition of matrix proteins 
(Meunier, 2002). Field studies have shown that there is a higher incidence of vertebral 
deformities among underyearling than yearling smolt at harvest (Djupvik, 2005), and the 
most common deformity is vertebral compression (Berg et al, 2006; Witten et al., 2005). 
Whether this may be related to a low mineral content and mechanical strength of the 
vertebrae remains to be elucidated. Furthermore, the influence of smolt production 
strategy on plasma concentration of phosphorous and calcium, which are the main 
constituents of the mineral fraction of the bone (Meunier, 2002), has not been studied. 
The objectives of the present study were therefore to study the effect of smolt production 
strategy on the growth, mineralisation and mechanical strength of the vertebrae, and on 
the plasma concentrations of calcium and phosphorous. Underyearling and yearling 
smolt reared under ambient temperatures and continuous and natural light during the 
early seawater phase, respectively, were compared.
M aterials and  m ethods
Experimental design
On July 19th 2002, 660 Atlantic salmon (Salmo salar L.) parr with a mean weight of 
17.7 g, were randomly allocated to six square grey, covered, fibreglass tanks (1x1x0.25 m) 
at the Institute of Marine Research, Matre (60o N, 5o E, Western Norway). Three tanks 
were subjected to 12h of light and 12h of dark for six weeks, followed by continuous light 
exposure (underyearling smolt), while three tanks received continuous light until October 
1, followed by a simulated natural photoperiod (yearling smolt). The fish were from the 
Aquagen strain and had been reared at continuous light from start feeding (March 15 th) 
until the start of the experiment and heated water (12 oC) from start feeding until June. 
Temperature profiles and photoperiods are shown in figure 1A-B.
The underyearling smolt were transferred to seawater tanks on October 23 rd 2002, 
while the yearling smolt were transferred on May 8th 2003. Both experimental groups 
were terminated twelve weeks after transfer to seawater, respectively, i.e. underyearling 
smolt on Jan. 7th and yearling smolt on Jul. 29th 2003.
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For illumination, two 18W fluorescent daylight tubes were employed to produce 
960 lux measured under water at the centre of the tank. The light was controlled by 
automatic timers. The fish were fed using a commercial diet (Bio-optimal® dry feed, 
BioMar AS, Trondheim, Norway). Water flow was kept above 2.5 litres per minute per 
kilo fish, and during the freshwater phase freshwater was mixed with seawater to 
approximately 1 ppt. The oxygen saturation of the outlet water was kept above 70%.
A reference group of wild salmon were caught by trawl in mid-May (n = 15, 59o N, 
Western Norway, median three years old) and early August 2001 (n = 6, 68o N, Northern 
Norway, median two years old). The wild salmon from May were smolt caught outside 
the outlet of river Etne, and had just entered seawater. The wild salmon from August 
were post-smolt caught at sea during their first summer at sea approximately twelve 
months after migration to saltwater. The age was determined by measuring growth marks 
in otoliths.
Sampling
The study comprised nine samplings. The first sampling was carried out on July 
19th 2002, and the underyearling and yearling smolt were subsequently sampled six weeks 
before transfer, at transfer, and six and twelve weeks after transfer to seawater, 
respectively. Thus, the underyearling smolt were sampled between September 2002 and 
January 2003, and the yearling smolt between March and July 2003.
At each sampling, 15 fish (five per tank) were sampled. The fish were anaesthetised 
with benzocaine (Sigma — Aldrich Norway AS, Oslo, Norway) and the fork length (length 
from snout tip to tail fin indentation) and body weight of the fish was recorded. A blood 
sample was taken from the caudal vessels with a heparinised tuberculin syringe fitted with 
a 23 gauge needle. Plasma and cells were separated by centrifugation and the plasma was 
stored at —80oC until analysis. The vertebral columns were then dissected and lateral 
radiographs were taken to assess the morphology of the vertebral bodies and the 
incidence of deformed vertebrae. A further 30 fish (10 per tank) were anaesthetised at 
transfer and at twelve weeks after transfer and 15 fish (5 per tank) six weeks before and 
six weeks after transfer to seawater for measurement of fork length and body weight.
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Underyearling smolt with fork lengths within a tight range sampled at transfer to 
seawater (18.9 cm ± 0.25 S.E., n = 6) and twelve weeks after transfer (25.7 cm ± 0.16 
S.E., n = 6) were selected to test the correlations between the mechanical properties and 
mineral content of the vertebral bodies within these samplings. Fish with fork lengths 
within a tight range from the underyearling (29.0 cm ± 0.82 S.E., n = 6) and yearling 
smolt (28.9 cm ± 0.94 S.E., n = 6) sampled twelve weeks after transfer to seawater, and 
wild post-smolt (29.0 cm ± 1.26 S.E., n = 6) sampled during their first summer at sea 
(August 2001) were selected for testing of the mechanical properties and mineral content 
of the vertebral bodies. In addition, underyearling (18.9 cm ± 0.25 S.E., n = 6) and 
yearling (22.6 cm ± 0.21 S.E., n = 6) smolt sampled at transfer to seawater and newly 
migrated (May 2001) wild smolt (13.9 ± 0.33 S.E., n = 6) were used to measure the 
mineral content of the vertebral bodies at this stage of development.
Mineral content
After mechanical testing, the vertebrae within each vertebral region (see above), of each 
fish were pooled, defatted in hexane baths, dried overnight at 90o C, and then incinerated 
for 13.5 h in a muffle furnace (115o C for 0.5 h, 540o C for 5 h, and 750o C for 8 h). The 
dry and ash (mineral) weights of each vertebral region were weighed to within 1x10-2 mg. 
The mineral content of each vertebral region was calculated as percent mineral weight of 
dry weight. Mineral content: (mineral weight /  dry weight) * 100
Plasma analysis
Plasma Ca2+ was determined with a Stat Profile® pHOx® Plus L Analyser (Nova 
Biomedical). Total plasma Ca and P concentrations were analysed by means of inductively 
coupled plasma optical emission spectrometry (ICP-OES; Spectroflame, 
SpectroAnalytical Instruments, Germany).
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Mechanical testing of the vertebrae
Vertebrae numbers 1-58 were dissected, the neural and haemal arches were removed, and 
the amphicoelus centra were used for mechanical testing and measurement of mineral 
content. The vertebrae were compressed in the cranial-caudal direction using a texture 
analyser (TA-XT2 Texture Analyser, Stable Micro Systems, Haslemere, UK) with a 
steadily advancing piston (6 mm/min). The resulting load-deformation data were 
continuously recorded, and the stiffness and yield load were calculated for each vertebra 
according to Fjelldal et al. (2004). Vertebra number 1 was excluded from further analyses 
of mechanical properties.
Fig 1. Photoperiod (A) and temperature (B) during the experimental period for underyearling and yearling 
smolt. Arrows indicate seawater transfer of the underyearling (23.10.02) and yearling (08.05. 03) smolt.
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Radiography and vertebral morphometry
Radiographs were made using a portable X-ray apparatus (HI-Ray 100, Eickenmeyer 
Medizintechnik für Tierärzte e.K., Tuttlingen, Germany) and 30x40 cm film (AGFA D4 
DW ETE). The film was exposed twice for 50 mAs and 72 kV, and developed using a 
manual developer (Cofar Cemat C56D) with Kodak Professional manual fixer and 
developer. The pictures were digitalised using an A3 positive scanner, and vertebral length 
and dorso-ventral diameter were measured by means of image analysing software (Image- 
Pro Plus, version 4.0). The vertebral column was divided into four main regions based on 
Kacem et al (1998): region 1 (cranial trunk), comprising vertebra (V) 1 ^V 8 ; region 2 
(caudal trunk), comprising V 9^V 30; region 3 (tail), comprising V 31^V 49 and region 4 
(tail fin), comprising V 50^V 58.
Statistics
The condition factor (K) was calculated using: K  = (WL_3)100, where W  was the live 
body weight (g) and L  was the fork length (cm). Specific growth rate was calculated using: 
SGR = (eG-1)100, where G = (ln(X2) — ln (X1)) /  (t2 — t 1), X 2 and X 1 were the body 
weights at times t2 and t 1 .
Results are presented as means ± standard error (S.E.). Data were analysed using 
Statistica® (version 6.1, Statsoft, Tulsa, U.S.A.). Differences in length, weight, condition 
factor, length growth and weight gain within each sampling were tested by one-way 
ANOVA. Differences in vertebral body average lengths within each vertebral region were 
tested by one-way ANOVA, followed by a Newman-Keuls test. Statistical analyses of the 
vertebral body average lengths are based on the mean value per vertebral region per 
individual. Differences in the vertebral length/dorso-ventral diameter ratio, and the 
mechanical properties and mineral content of the vertebrae were tested by two-way 
ANOVA, followed by a Newman-Keuls test. Differences in the plasma concentrations of 
Ca, Ca2+ and P were tested by two-way ANOVA, followed by a Newman-Keuls test. 
Differences in the incidence of deformed vertebrae were tested by Fisher Exact 2x2 test. 
A P value <0.05 was taken to indicate statistical significance.
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Results
Somatic growth
The yearling smolt were significantly longer (Fig. 2A) and heavier (Fig. 2B) than the 
underyearling smolt six weeks before transfer and at transfer to seawater, and had a 
significantly lower condition factor than the underyearling smolt six weeks before, at 
transfer and six weeks after transfer to seawater (Fig. 2C).
The underyearling smolt had a significantly faster growth in length (Fig. 2D) and higher 
weight gain (Fig. 2E) than the yearling smolt during the last six weeks in freshwater and 
the first six weeks in saltwater.
(A)
(B)
(C)
Ï  Underyearling smolt 
5  Yearling smolt
(E) Ï  Underyearling smolt
Weeks before/after transfer to seawater
Fig 2. Fish growth (mean ± S.E.). (A, B, C, D, E) Changes in length (A), weight (B), condition factor (C), 
length growth (D) and weight gain (E) in underyearling (week —6 and +6: n = 30; 10 per tank, week 0 and 
+ 12: n = 45; 15 per tank) and yearling (week —6 and +6: n = 30; 10 per tank, week 0 and +12: n = 45; 15 
per tank) smolt during smoltification and the early seawater phase. Length growth (mm/day) and weight 
gain (SGR) are based on the mean per tank (n = 3). denotes significant differences between groups 
within a sampling.
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Growth of the vertebral column
During parr-smolt transformation, there were significant changes in the average lengths 
of the vertebral bodies along the vertebral column in wild, underyearling and yearling 
smolt (Fig. 3A-C). In wild salmon, vertebral region 4 accounted for a significantly higher 
proportion of the total vertebral length in post-smolt caught during their first summer at 
sea (August) than in newly migrated smolt (May; Fig. 3A). In underyearling and yearling 
smolt, vertebral region 3 and 4 accounted for a significantly higher proportion of the total 
vertebral length in fish sampled six weeks before transfer to seawater than in parr 
(sampled on July 19th 2002), and also in fish sampled six weeks after than in fish sampled 
six weeks before transfer to seawater (Fig 3B,C). In underyearling and yearling smolt, fish 
sampled at transfer to seawater (results not shown) had average vertebral lengths between 
those of fish sampled six weeks before and six weeks after transfer to seawater, and fish 
sampled 12 weeks after transfer to seawater (results not shown) had similar average 
lengths to those of fish sampled six weeks after transfer to seawater.
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Vertebral number
Fig. 3. Vertebral (V) length (% of total vertebral body length, i.e. E V1-V58) (mean ± S.E.) in different 
regions of die vertebral column: R1 (cranial trunk, V I—>V8), R2 (caudal trunk, V9 —> V30), R3 (tail, V31 
—> V49) and R4 (tail fin, V50 —> V58). (A) Wild salmon sampled immediately after migration to seawater 
(May, n = 15) and during their first summer at sea (August, n = 6). (B and C) (B) Underyearling (n = 15; 
5 per tank) and (C) yearling smolt (n = 15; 5 per tank) sampled on 19th July 2002 (Parr), and then six 
weeks before and six weeks after transfer to seawater. Different lower case letters and denote 
significant differences between samplings within a vertebral region.
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Dimensionalproportions of the vertebrae
The ratio between the length of the vertebrae and its dorso-ventral diameter was 
significantly higher in wild post-smolt sampled during their first summer at sea (August) 
than in underyearling and yearling smolt sampled 12 weeks after transfer to seawater, and 
also significantly higher in yearling than in underyearling smolt (Fig. 4).
Vertebral number
Fig. 4. Vertebral body proportions (measured vertebral length /  dorso-ventral diameter ratio, mean ± 
S.E.) in wild post-smolt sampled during their first summer at sea (August, n = 6), and underyearling (n = 
15; 5 per tank) and yearling (n = 15; 5 per tank) smolt sampled twelve weeks after transfer to seawater.
Mineral content of the vertebrae
Yearling smolt had a significantly higher mineral content than underyearling smolt in all 
vertebral regions, both at transfer and 12 weeks after transfer to seawater (Fig. 5A, B). 
Furthermore, newly migrated wild smolt had a significantly higher mineral content in 
regions 1-3 than yearling smolt sampled at transfer to seawater (Fig. 5A).
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Fig. 5. Mineral content (as % of bone dry weight, mean ± S.E.) of vertebral (V) bodies from different 
regions (R) of die vertebral column: R1 (cranial trunk, V I—>V8), R2 (caudal trunk, V9 —> V30), R3 (tail, 
V31 —» V49) and R4 (tail fin, V50 —» V58). (A) Newly migrated wild smolt (May, n = 6), and 
underyearling (n = 6) and yearling smolt (n = 6) sampled at transfer to seawater. (B) Wild post-smolt 
sampled during their first summer at sea (August, n = 6), and underyearling (n = 6) and yearling smolt (n 
= 6) sampled twelve weeks after transfer to seawater. Different lower-case letters denote significant 
differences between groups within a vertebral region.
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Mechanicalproperties of the vertebrae
Twelve weeks after transfer to seawater, the vertebral bodies of the underyearling smolt 
had a significantly lower yield-load and stiffness than those of the yearling smolt, and also 
than those of wild post-smolt sampled during their first summer at sea (Fig 6A, B). 
Furthermore, the vertebrae of the wild post-smolt had a significantly higher degree of 
stiffness than those of the yearling smolt (Fig. 6B). Significant correlations between the 
mechanical properties (stiffness and yield-load) and mineral content were found in 
underyearling smolt, with strongest correlations 12 weeks after transfer to seawater (Table
I).
Table 1. Correlations between fork length (FL), and the mechanical properties (yield-load, Y (g) and 
stiffness, S (g/mm)) and mineral content (MC) of vertebrae (V) in vertebral region (R) 2 (V9 —> Y30) and 
3 (V31 —> Y49) in underyearling smolt sampled at transfer, and twelve weeks after transfer to seawater.
Weeks after seawater transfer R
Variables 
X Y r p-value n
0 2 FL Y -0.145 0.098 132
0 2 FL S -0.267 <0.05 132
0 2 MC Y 0.331 <0.0001 132
0 2 MC S 0.493 <0.0001 132
0 3 FL Y -0.292 <0.05 111
0 3 FL S -0.272 <0.05 111
0 3 MC Y 0.439 <0.0001 111
0 3 MC S 0.216 <0.05 111
12 2 FL Y -0.183 <0.05 132
12 2 FL S 0.098 0.285 132
12 2 MC Y 0.538 <0.0001 132
12 2 MC S 0.468 <0.0001 132
12 3 FL Y -0.043 0.646 114
12 3 FL S 0.038 0.685 114
12 3 MC Y 0.672 <0.0001 114
12 3 MC S 0.408 <0.0001 114
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2 6 10 14 18 22 26 30 34 38 42 46 50 54 58
Vertebral number
Fig. 6. Mechanical properties (mean ± S.E.) of vertebral bodies (VI —> Y58) from wild post-smolt 
sampled during their first summer at sea (August, n = 6), and underyearling (n = 6) and yearling smolt (n 
= 6) sampled twelve weeks after transfer to seawater. (A) Stiffness and (B) yield-load.
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Fig. 7. Lateral radiographs of deformed vertebrae in underyearling smolt twelve weeks after transfer to 
seawater. (A) Vertebral compression and ankylosis in vertebrae number 1 and 2. (B) Vertebral ankylosis 
and compression in vertebrae number 20 — 25. (C) Vertebral compression and dislocation in vertebrae 
number 34 — 39. (D) Vertebral ankylosis and compression in vertebrae number 58 and the urostyl.
Vertebral deformities
The incidence of deformed vertebrae was significantly higher in underyearling (0+) than 
yearling (1+) and wild (w) smolt, both at transfer/migration (0+ 1.5 %, 1+ 0 %, w 0%, n 
= 870 vertebrae per group) and 12 weeks after transfer/migration to seawater (0+ 2.6 
%,1+ 0.3 %, w 0%, n = 870 vertebrae in 0+ and 1+ smolt and 348 in w smolt). The 
deformities were located in all regions of the vertebral column and were manifested as 
vertebral body ankylosis, compression and dislocation (Fig. 7A-D).
Plasma analyses
Underyearling smolt had significantly higher plasma concentrations of total Ca and P six 
weeks before (Fig. 8A,C), total P at (Fig. 8C), Ca2+ and total P six weeks after (Fig. 8B,C), 
and Ca2+ twelve weeks after transfer to seawater (Fig. 8B) than yearling smolt.
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Weeks before/after transfer to seawater
Fig. 8. Mineral status (mean ± S.E.) of the plasma from underyearling (n = 15; 5 per tank) and yearling 
smolt (n = 15; 5 per tank) sampled six weeks before transfer, at transfer, and six and twelve weeks after 
transfer to seawater. (A) Total Ca, (B) Ca2+ and (C) total P. denotes significant differences between 
groups within a sampling.
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D iscussion
Field studies have shown that there is a higher incidence of vertebral deformities among 
underyearling that yearling smolt at harvest (Djupvik, 2005). In this chapter we discuss the 
influence of photoperiod and temperature on growth during smoltification and the early 
seawater phase and the age at smoltification in underyearling and yearling smolt, and how 
this influence on the growth pattern of the vertebral column, the growth and 
mineralisation of the vertebral bodies and the plasma concentration of calcium and 
phosphorous.
Influence of temperature and photoperiod on growth during smoltification and the early seawater phase
In the present study the underyearling smolt were reared under higher temperature and 
longer daylength than the yearling smolt both during smoltification and the early seawater 
phase. This is in line with the practice in commercial farming. In Atlantic salmon, both 
increased temperature (Dwyer and Piper, 1987; Siemien and Carline, 1991; Solbakken et 
al., 1994; Bendiksen et al., 2003) and continuous light (Saunders and Harmon, 1988; 
IKrâkenes et al., 1991; Hansen et al., 1992; Nordgarden et al., 2003) have been shown to 
increase growth rates. The underyearling smolt had a faster growth in length and higher 
weight gain than the yearling smolt during the last six weeks in freshwater and first six 
weeks in saltwater. Between six and twelve weeks after transfer to seawater, however, the 
underyearling and yearling smolt showed a decrease and increase in growth rates, 
respectively, and there were no differences in the growth in length and weight gain 
between the groups. During the last six weeks in freshwater, the underyearling smolt were 
reared under continuous light and a temperature decreasing from 13.8 to 8.9 oC, whereas 
the yearling smolt had a temperature ranging between 3.7 and 6.6 oC and a daylenght 
increasing from 14.8 to 18.8 hours. During the first six weeks in saltwater, the 
underyearling smolt were reared under continuous light and a temperature decreasing 
from 13.0 to 11.4 oC, whereas the yearling smolt had a increase in daylength from 18.8 to 
24 hours and a temperature ranging between 7.3 and 7.9 oC. During the period between 
six and twelve weeks after transfer to seawater, the underyearling smolt were reared under
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continuous light and a temperature decreasing from 11.4 to 10 oC, whereas the yearling 
smolt had a decrease in daylength from 24 to 19.6 hours and a increase in temperature 
from 7.7 to 9.8 oC. Thus, the decrease and increase in growth rates in the underyearling 
and yearling smolt during the period between six and twelve weeks after transfer to 
seawater is most probably related to the rearing temperature.
Parr-smolt transformation induces an increase in longitudinal growth in the caudal region of the vertebral 
column
Underyearling and yearling smolt displayed similar patterns of regional growth between 
the trunkal and caudal regions of the vertebral column during the parr-smolt 
transformation. Thus, the use of a shortened photoperiod in the production of 
underyearling smolt seems to involve a normal pattern of longitudinal growth of the 
vertebrae at this stage of development.
Furthermore, the vertebrae of the trunk and tail also display different growth rates in 
response to photoperiod in underyearling post-smolt of Atlantic salmon (Fjelldal et al., 
2005a).
The mechanisms that induce regional differences in the longitudinal growth between 
trunkal and caudal vertebrae have not been identified. However, the trunk and tail have 
different embryonic origins. During the blastophore stage, the head and trunk originate 
from the Spemann organiser, while the tail originates through the combined action of tail 
and Spemann organisers (Gilbert and Saxen, 1993; Kiecher and Niehrs, 2001; Agathon et 
al., 2003). These distinct developmental differences may contribute to the creation of 
differences between the trunkal and caudal vertebral bone (cells), which may favour 
differential growth rates between these regions later in life, as observed in this study. Such 
differences may involve differential responses to hormonal (endocrine or paracrine) 
signals, via differential receptor expression or autocrine responses.
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Rapid growth in length may disturb the normal development of the vertebral bodies
The underyearling smolt grew more rapidly in length during both the freshwater period 
and the early seawater phase, and went through smoltification and reached the same size 
as the yearling smolt, seven months earlier. Vertebrae of underyearling smolt had a lower 
mineral content, yield-load and stiffness, and a higher incidence of deformities than those 
of yearling smolt. In line with our findings, rapid growth coincided with a reduction in the 
mineral content and yield-load of the vertebrae in underyearling post-smolt of Atlantic 
salmon (Fjelldal, et al., 2005a), and a reduction in the yield-load and stiffness of the 
tibiotarsal bone in chickens (Leterrier and Nys, 1992). Furthermore, yearling smolt that 
grow rapidly in length during the parr-smolt transformation are at higher risk of 
developing compressed vertebrae in the caudal region during the seawater phase (Fjelldal 
et al., 2005b). The vertebral deformities in underyearling smolt were vertebral body 
ankylosis, compression and dislocation. Vertebral dislocation has been found in 
pinealectomised Atlantic salmon, and is most probably associated with damage or rupture 
of the intervertebral ligaments (Fjelldal et al., 2004). Vertebral ankylosis has been found in 
pinealectomised Atlantic salmon (Fjelldal et al., 2004) and Atlantic salmon exposed to 
heat-shock during egg incubation (Wargelius et al., 2005), and reflects the fusion of two or 
more vertebrae. Vertebral compression is the type of vertebral deformity that causes most 
down-grading at harvest in the culture of Atlantic salmon. A compressed vertebrae seem 
to have a normal pattern of longitudinal growth until it reaches a certain size, thereafter 
the longitudinal growth stops and the vertebrae develops a compressed morphology (Berg 
et a l, 2006; Witten et al., 2005).
This study shows significant correlations between the mineral content and mechanical 
properties of the vertebrae. The teleost vertebral body is specialised, with an architecture 
that makes it strong enough to withstand cranial-caudal compression produced by the 
lateral muscle using minimal bone mass to reduce negative buoyancy (Casadevall et al., 
1990). The specialised architecture of the vertebra may make it vulnerable to alternations 
in bone composition, such as changes in mineral content. The vertebral body of Atlantic 
salmon consists of a biconoid amphicoelous core of compact bone surrounded by 
trabecular bone, and most of the deposition of new bone takes place at the cranial and 
caudal rims of the amphicoel and the distal ridges of the trabeculae (Nordvik et al., 2005).
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During bone growth the organic matrix is first formed as osteoid, and subsequently 
mineralises (Meunier, 2002). The time-lag between osteoid deposition and mineralisation 
may thus rise during periods of rapid growth in length. Reduced mineralisation within the 
growth-zones, especially at the rims of the amphicoel, may affect the quality of the 
vertebral column, such as the mechanical properties of the vertebrae.
However, the low mineral content of the vertebral bodies in the underyearling smolt may 
also have been a result of increased bone resorption by osteoclasts. If so, resorption was 
probably of a halastasic sort, i.e. pure demineralisation of bone without degradation of 
matrix (Kacem et al., 2000). Since no osteoclasts have been detected within the vertebral 
bodies of teleosts (Witten and Villwock, 1997), bone remodelling does not seem to play a 
major role in their growth (Nordvik et al., 2005). In Atlantic salmon, however, further 
studies are needed to clarify these processes during the parr-smolt transformation.
A low ratio of the length of the vertebrae to its dorso-ventral diameter associated 
with a low mineral content and a soft bone structure as observed in this study has also 
been observed in pinealectomised Atlantic salmon (Fjelldal et. al., 2004). This may reflect 
compressive deformations of the growth zones along the cranial-caudal axis, induced by 
the lateral muscle, or compensation for reduced mechanical strength related to low 
mineralisation. Alternatively, it may reflect unbalanced growth between the compact and 
trabecular bone of the vertebrae (Nordvik et al., 2005), which have different embryonic 
origins (Grotmol et al. 2003), differ in osteocyte content and collagen matrix organization, 
and are formed by two distinct osteoblast populations (Nordvik et al. 2005). Interestingly, 
two distinct bone-derived cell lines have been obtained from the vertebrae of the sea 
bream (Pombinho et al. 2004), which again may reflect the presence of two sub-types of 
osteoblasts within the teleost vertebra, one perhaps belonging to the compact bone and 
the other to the trabecular bone. Differential regulation of such sub-types of osteoblasts 
may affect the dimensional proportions of the vertebrae during growth, as has been 
observed during late ontogeny in Atlantic salmon (Fjelldal et al., 2004, 2005a, b; Witten et 
al. 2005).
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Age at smoltification may affect vertebral bone mineralisation during the early seawater phase
The age at smoltification may determine how well the vertebral column is adapted for 
rapid growth in length during the early seawater phase. Underyearling, yearling and wild 
smolt all had a clear decrease in the vertebral mineral content during the early seawater 
phase. However, the mineral content was highest in wild smolt at transfer/migration to 
seawater, and higher in yearling than underyearling smolt. Furthermore, underyearling 
smolt sampled twelve weeks after transfer to seawater had a significantly higher dorso- 
ventral diameter of the vertebrae and incidence of vertebral deformities than yearling 
smolt sampled twelve weeks after transfer to seawater and wild smolt sampled during 
their first summer at sea. Thus, we suggest that if the mineral content is to low at transfer 
to seawater, the mineral content may drop below a critical level during the early seawater 
phase, which may influence on the morphology of the vertebrae and increase the risk for 
the development of vertebral deformities. Whether the drop in vertebral mineral content 
during the early seawater phase may be related to an increased time lag between osteoid 
deposition and mineralisation during rapid growth in length, or physiological changes 
related to smoltification, remains to be elucidated.
The wild salmon caught during their first summer at sea were three years old and 29 cm 
long. Wild Atlantic salmon leave their home river in the spring, at an age of 1-6 year and a 
length of 12-15 cm (Metcalfe and Thorpe, 1990). Thus, if these individuals migrated to 
sea in mid May, such as the seaward migrating wild smolt in the present study, at a length 
of 15 cm, the growth in length during the early seawater phase have been approximately 
1.6 mm per day, which is higher than the growth rate of farmed salmon in the equivalent 
period after transfer to seawater. However, the wild smolt caught during their first 
summer at sea had a significantly higher stiffness and mineral content of the vertebrae 
than underyearling and yearling smolt sampled twelve weeks after transfer to seawater. 
Taken together, our results may suggest that the growth rate in freshwater and age at 
smoltification, which is influenced by photoperiod and temperature, affects the mineral 
content of vertebral bone, and thus the quality of the vertebral column. This implies in 
turn that the vertebral columns of yearling smolt are better adapted for rapid growth in 
length during the early seawater phase than those of underyearling smolt.
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Rapid growth coincided with high concentrations of plasma Ca and P
Underyearling smolt had higher plasma concentrations of total Ca and P, and Ca2+ than 
yearling smolt. This may reflect a high degree of bone remodelling in underyearling smolt. 
Bone remodelling is active in skeletal elements where growth requires bone resorption 
(Witten and Villwock, 1997; Witten et al., 2000; Witten et al., 2001), e.g. the haemal arch 
that has an opening that must be enlarged to fit the neural tube during growth. The 
majority of the bones of the teleost skeleton need to change their form, and thus remodel 
during growth.
The low mechanical strength and mineral content in the vertebrae of underyearling smolt 
is not likely caused by a low access of minerals, as the concentration of plasma Ca and P 
were highest in this group. Thus, the development of a low mechanical strength and 
mineral content in the underyearling smolt vertebrae is more likely linked to an increased 
time-lag between osteoid deposition and mineralisation during rapid growth.
Concluding remarks
From our results we suggest that the higher incidence of vertebral deformities in 
underyearling smolt may be related to a lower mineralisation and mechanical strength of 
their vertebral bodies, factors that may be influenced by growth rate and age at 
smoltification. In the present study high growth rates in underyearling smolt during 
smoltification and the early seawater phase were related to long daylengths and high 
temperatures. Underyearling, yearling and wild smolt all had a clear drop in the vertebral 
mineral content during the early seawater phase. Based on the results we suggest that if 
the vertebral mineral content is too low at transfer to seawater, such as in fast growing 
underyearling smolt, it may drop below a critical level during the early seawater phase, 
which may increase the risk for the development of vertebral deformities. Taken together, 
the knowledge represented herein may be used in commercial farming to develop a 
production regime for underyearling smolt that increases the age at smoltification and 
thus reduces the temperature during smoltification and the growth rate in freshwater, and
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reduces the daylength and temperature at transfer to seawater and during the early 
seawater phase.
However, experimental studies are needed to examine the influence of temperature and 
photoperiod on the growth and mineralisation of the vertebral column during 
smoltification and the early seawater phase in underyearling smolt of Atlantic salmon, in 
order to reduce the prevalence of vertebral deformities in the future.
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Chapter 5
A bstract
Vitamins A (VA) and D (VD) are metabolised by vertebrates to bioactive retinoic acid 
(RA) and calcitriol (CTR). RA and CTR involvement in bone metabolism requires fine- 
tuned regulation of their synthesis and breakdown. In mammals antagonism of VA and 
VD is observed, but the mechanism of interaction is unknown. We investigated VA-VD 
interactions in Atlantic salmon (Salmo salar L.) following intraperitoneal injection of RA 
and/or CTR. VA metabolites, CTR, calcium, magnesium and phosphorus were 
determined in plasma. Expression of bone matrix gla protein (mgp), collagen 1 alpha2 
chain (col1a2) and alkaline phosphatase (alp) mRNA was quantified to reflect osteogenesis. 
Branchial epithelial calcium channel mRNA levels (eCac) and intestinal calcium and 
phosphorus influx were determined to study calcium/phosphorus handling targets of RA 
and CTR. RA-injection (with or without CTR) decreased plasma CTR-levels 3- to 6-fold. 
CTR-injection did not affect RA metabolites, but lowered CTR in plasma 3 and 5 days 
after injection. Lowered plasma CTR correlated with decreased mgp and col1a2 expression 
in all groups and with decreased alp in CTR-injected fish. RA-treated salmon had 
enhanced alp expression, irrespective of reduced plasma CTR. Expression of eCac and 
unidirectional intestinal influx of calcium were stimulated following RA-CTR treatment. 
Plasma Ca, Mg and P were not affected by any treatment. The results suggest cross-talk of 
RA with the vitamin D endocrine system in Atlantic salmon. Enhanced calcium flux and 
osteogenesis (alp transcription) in RA-treated fish and inhibition of mgp expression 
revealed unprecedented disturbance of calcium physiology in hypervitaminosis A.
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In troduction
The fat soluble vitamins A and D are essential nutrients in the diet of vertebrates. Vitamin 
A (VA) is crucial for vision, growth, reproduction and embryological development . 
Vitamin D (VD) is deeply involved in calcium and phosphorus homeostasis through 
modulation of calcium uptake (via gills and intestine in fish, via intestine in higher 
vertebrates), renal reabsorption,bone deposition/resorption, and modulation of the 
immune response . The main active metabolites of VA and VD are retinoic acid (RA) and 
calcitriol (CTR; 1a, 25(OH)2D3), respectively. These metabolites induce biological effects 
via high-affinity nuclear transcription factors. Genomic actions of CTR are mediated by 
the vitamin D receptor (VDR), while RA binds to either a retinoic acid receptor (RAR) or 
retinoid X receptor (RXR). The RAR family includes RARa, RARß and RARy receptors 
that show high affinity for the all-trans or 9-cis isomers of RA. The RXR subfamily also 
consists of three receptor subtypes; RXRa, RXRß and RXRy. These differ from RARs in 
that they preferentially bind 9-cis RA and may act as “silent partners”, i.e. without ligand 
binding. VDRs, RXRs and RARs require dimerisation for activity (e.g. RAR-RXR or 
VDR-RXR). After binding ligands and undergoing dimerisation, the receptor-ligand 
complexes associate with specific DNA response elements (VD response elements, 
VDRE; RA response elements, RARE) to activate or suppress gene transcription. Indeed, 
interactions between CTR and retinoids are indicated as the VDR acts as a heterodimer 
with the RXR. The use of RXR as a DNA binding facilitator places VDR in a receptor 
class that also includes the thyroid hormone receptors, the peroxisome proliferator- 
activated receptor (PPAR) (Pathrose et a l, 2002).
Bone is a key target for RA and CTR. In fish, CTR exerts effects directly on both 
osteoblasts and osteoclasts (Wendelaar Bonga et a l, 1983). Chronic CTR exposure 
increases bone formation, but may also impair mineralisation, at least in rats (Wronski et 
a l, 1986). Short-term exposure of CTR induced similar effects, with an elevated number 
of osteoblasts, increased bone formation, and decreased osteoclast incidence in rat 
cancellous bone (Erben et al., 1997). CTR is reported to both inhibit and induce 
expression of collagen-I mRNA, depending on factors such as the species tested, 
osteoblast differentiation stage, and duration of CTR exposure (Van Leeuwen et a l, 2001). 
CTR induces osteocalcin mRNA expression in human and rat osteoblasts, matrix Gla
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protein mRNA in rat osteoblasts, and osteopontin and alkaline phosphatase mRNA in 
human, rat and mice osteoblasts (Van Leeuwen et a l, 2001). In fish, CTR exposure 
increases mRNA expression of an epithelial calcium channel, eCac, in gills (Qiu et a l, 
2007) and intestinal calcium transport in eel (Fenwick et a l, 1984). Available reports on 
CTR effects in fish are ambiguous with both stimulation and degradation of calcified 
tissues documented (Wendelaar Bonga et a l, 1983, Fenwick et a l, 1994). The apparent 
discrepancies likely result from uncontrolled factors such as calcium and phosphorus 
availability and hormone doses used.
Evidence suggests that RA has opposite effects on bone when compared to CTR. 
RA interferes with a range of osteoblast properties e.g. inhibition of osteocalcin mRNA 
expression in mouse osteoblasts (Cohen-Tanugi and Forest, 1998), reduction of collagen 
mRNA synthesis in rat and chicken osteoblasts (Dickson and Walls, 1985, Kim and Chen, 
1989) and increased collagenase mRNA expression and collagen degradation in rat 
(Varghese et a l, 1994). Skeletal deformities in fish have been causally associated with 
dietary retinol levels (Dedi et a l, 1995, 0rnsrud et a l, 2002).
Data from mammalian studies indicate that excess VA levels antagonize VD’s 
roles in calcium homeostasis. High VA intake can ameliorate toxic (overdose) effects of 
vitamin D in rats (Clark and Bassett, 1962), turkey (Metz et a l, 1985) and chick (Aburto 
and Britton, 1998b), and increased requirement for dietary VD has been shown with high 
levels of dietary VA (Metz et a l, 1985, Aburto and Britton, 1998a). In addition to sharing 
common targets, CTR and RA interact at other levels. For example, RA exhibits direct 
effects on key genes in the CTR signalling pathway. RA was found to stimulate vdr 
expression in both tumor and non-tumor bone cells of rats (Petkovich et a l, 1986) and 
mouse (Suzuki et a l, 1993). RA also increases the expression of the vitamin D catabolising 
enzyme 25(OH)D3-24-hydroxylase (CYP24) (Allegretto et a l, 1995), and synergistic 
effects were shown between RA and CTR in their effect on rat renal CYP24 activity 
(Reinhardt et al., 1999). Frankel and colleagues (1986) found that chronically VA- 
overdosed rats had increased osteoclast activity, reduced osteoid formation and reduced 
circulating levels of 25OHD3, and that VD overdosed animals lowered their serum Ca 
and serum 25OHD3 after a moderate dose of VA. In a series of studies on rats with 
varying vitamin D status; reduced serum Ca levels, increased P levels, reduced 
mineralization of bones (Rohde et a l, 1999, Rohde and DeLuca, 2005) and increased bone
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resorption (Rohde and DeLuca, 2003) was found as an effect of VA supplementation. A 
VA dose corresponding to a single serving of liver antagonized the ability of CTR to 
increase intestinal Ca absorption in human subjects 24h post treatment (Johansson and 
Melhus, 2001). Thus, RA and CTR exhibit complex interactions, reflected in calcium 
transport phenomena and aspects of bone turnover.
Intensive aquaculture of Atlantic salmon (Salmo salar) uses formulated diets with 
high contents of fish meal and fish oil, and thus potentially have excessive amounts of 
VA. Little if anything is known regarding the effect of VA on VD (and vice versa) in 
salmon and other fish species.
This study was undertaken to investigate interactions between RA and CTR in Atlantic 
salmon, to understand the nature of a possible interaction, and to determine any effect on 
vitamin plasma levels, gene expression of selected bone markers, and Ca and P 
absorption.
M aterials and  M ethods
Fish and experimental treatment
Atlantic salmon (Salmo salar L.) £Sea Farm strain’, with an average weight (± SD) of 35 ± 6 
g were obtained from Marine Harvest, Tveitevâg, Norway. The fish were maintained in 
160-L fibreglass tanks with flowing fresh water at 9 L min-1, oxygen content 
approximately 10 mg L-1 and water temperature 5-7 °C. Fish were fed a commercial diet 
(Nutra Transfer LB3, Skretting Norway) until four days before experimental treatment. 
The experiment was approved by the National Animal Research Authority of Norway. 
There was no mortality or signs of distress among the fish during the trial.
Establishment of optimal retinoic acid dose
All-trans retinoic acid (Sigma, Oslo, Norway) was thoroughly mixed with sunflower oil 
(Yonca Gida San AS, Manisa, Turkey) immediately before use. Fish were anaesthetised in
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40 mg L-1 benzocaine, and, gently held in a wet towel, before a volume ranging from 80­
95 .^l oil was injected intraperitoneally with a 23 gauge needle and disposable syringes. 
Doses administered were 0, 10, 100, 250 and 500 .^g RA g-1 fish with three fish tested per 
dose. Each dose was administered to three fish. Fish were individually marked with a 
silicon dye (Visible Implant Elastomer, Northwest Marine Technology, Washington, 
USA) and kept in the same tank for five days. After day 5, fish were anaesthetised using 
benzocaine (40 mg L-1) and blood was collected from the caudal vessels by puncture with 
heparinised syringes. Blood samples were kept on ice until centrifugation (1500 x g, 10 
min). Plasma was flash-frozen in liquid N 2 and stored at -80°C until analysis. Liver was 
excised and a standardised section immediately flash-frozen in liquid N 2. Gene expression 
of the RA catabolising enzyme CYP26 was used as a marker for RA exposure.
Retinoic acid and calcitriol treatment
Calcitriol (1j,25(OH)2D3) and all-trans retinoic acid (Sigma-Aldrich, Oslo, Norway) were 
thoroughly mixed with sunflower oil to obtain two stock solutions; 3 .^g CTR ml-1 oil and 
30 mg RA ml-1 oil. Four treatments were tested: I) oil (Control group), II) CTR in oil (CTR  
group), III) RA in oil (R A  group) and IV) RA plus CTR (R A -C TR  group) in oil. A volume 
between 80 and 170 .^l was injected intraperitoneally. Predicted vitamin doses were 10 ng 
CTR g-1 fish (Qiu et a l, 2007) and 100 ^g RA g-1 fish (based on the experiment for 
establishing optimal retinoic acid dose described above). Fish were individually marked 
with silicon dye and experimental groups were kept in the same tank throughout the 
experiment. Fish were sampled prior to injection (day 0) and at days 3, 5 and 7 after 
injection and sampled as above. At day 0, individual plasma samples from five fish were 
taken (n=5) but at day 3, 5 and 7 plasma from nine fish per treatment were pooled into 
three pools (n=3). Liver, gill and vertebral spine from nine fish per treatment were 
collected and immediately flash frozen on liquid N 2 . Gill epithelium was scraped off the 
arch using a microscope slide. The vertebral spine was excised and all adhering tissue 
removed.
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Ca and P influx in gut sacs
A functional assay of Ca and P absorption through an in vitro experiment exposing gut 
sacs to labelled Ca or P served as a marker of protein expression, e.g. Ca channels in 
intestine. Since cold-water fish often show a considerable delay between gene 
transcription and protein expression, timing of sampling is of essence. In a study by Qiu 
et al (2007) after a single intraperitoneal injection of calcitriol, expression of an epithelial 
Ca channel, VDR and a zinc transporter in rainbow trout gill was at maximum 5 days 
after injection, suggesting that protein expression would be at maximum subsequent to 
day 5. Accordingly, at day 7 after injection, the digestive tract was excised from the 
section immediately distal to the pyloric caecae and transferred to ice-cold aerated 
Cortland saline (composition in mM: NaCl, 124; KCl, 5.1; CaCl2.2H2O, 1; MgSO4, 1.9; 
NaHCO 3, 11.9; N H 2PO 4.H2O, 2.9; Glucose, 5.5; (Mommsen and Hochachka, 1994). 
The method for intestinal sac uptake studies followed that described by Nadella et a l, 
2006. The excised intestine was cut in two with the anterior (for calcium uptake 
determination) and posterior (for phosphorous) sections being defined by the obvious 
morphological distinctions between these gut regions. Measurement of unidirectional ion 
movement started within two hours of gut dissection.
A flanged catheter was tied in place at one end of the intestinal sacs, and ice-cold 
Cortland saline used to flush the sacs of food remains. The open end was then tied with 
suture thread. Radionuclide containing solutions were introduced into the sacs through 
the catheter. These solutions consisted of either 33P or 45Ca (ARC, St. Louis, MO, USA) 
at a radioisotope concentration of 370 kBq ml-1 Cortland saline. The anterior sac always 
contained 45Ca, while the posterior contained 33P. Solutions were added via the catheter 
until the gut sacs appeared firm, but not taut (approximately 20-70 ¡al per sac, varying with 
sac size). Catheters were heat sealed, and the sac placed in 4.5 ml of bathing solution 
(Cortland saline) in a 5 ml plastic tube, itself situated in a water bath with temperature 
controlled at 12°C (± 1 °C). Each tube was bubbled with a 95% O 2, 5% CO 2 gas mixture. 
After two hours, sacs were removed, the suture undone and the sacs flushed with ~10 
volumes of cold rinse solution, containing either ~1 M calcium (for 45Ca) or ~1 M 
phosphate (for 33P), to displace adsorbed radionuclide. Sacs were then split longitudinally,
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blotted gently on wet tissue and the mucosal surface scraped with a microscope slide. The 
intestinal surface area was estimated as described by Grosell and Jensen, 1999.
Intestinal scrapings and remainder of the intestinal tissue were then digested (1 M 
H N O 3) for two days at room temperature, neutralised (1 M NaOH), before addition of 
scintillation fluor (10 ml; Ecoscint A; National Diagnostics, Atlanta, GA, USA). Duplicate 
2 ml samples of the bathing medium were taken to assess 45Ca or 33P specific activities. 
Radionuclide activity was estimated by liquid scintillation counting (1900 TR Tri-Carb, 
Packard), with quenching corrected via an external standards ratio method. Unidirectional 
fluxes (nmol cm-2 h-1) were calculated on a surface area-specific basis, over an hour using 
initial specific activity (cpm nmol-1). Absorbed minerals were defined as those 
accumulated in the intestinal tissue and in the serosal medium (Nadella et a l, 2006).
Analysis of plasma retinoids, calcitriol, Mg, Ca and P
Plasma was analysed for retinoids, CTR, Mg, Ca and P. Retinoic acid, 4-oxo retinoic acid 
and retinol were analysed by AS Vitas (Oslo, Norway) with a LC/M S/M S (Gundersen et 
a l, 2007). CTR was measured by the Radboud University Nijmegen Medical Centre 
according to van H oof et al. (1993). Plasma was diluted 250-fold with demineralised water, 
and total calcium and phosphorus were measured by Inductively Coupled Plasma Atomic 
Emission Spectrophotometry (ICP-AES, Plasma IL200; Thermo Electron, MA, USA).
R N A  extraction
Frozen samples of liver and gill were homogenised in Trizol using MagNA Lyser Green 
Beads (Roche). Vertebra samples were homogenised in liquid N 2 using a mortar and 
pestle prior to Trizol extraction. Total RNA was purified using Trizol extraction and 
subjected to DNAse treatment (DNA- feeTM, Ambion). RNA quantity and quality 
(A260/280) was assessed using a NanoDrop ND100 spectrophotometer (NanoDrop 
Technologies, Wilmington, D E, USA) and by gel electrophoresis using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
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RT-PCR
cDNA was prepared from 125 ng RNA using the TaqMan Reverse Transcription 
Reagents kit (Applied Biosystems) with Oligo d(T )16 primers in a total reaction volume of 
30 ^l. The reaction mixtures were incubated at 25 °C for 10 minutes, 48 °C for 60 
minutes and 95 °C for 5 minutes followed by a decrease to 4 °C. RT-PCR efficiency was 
validated using a six point calibration curve from serial dilutions of one RNA sample 
from 1000 to 15 ng per reaction. ‘N o template’ and ‘no activity’ controls were made for 
each RT master mix.
Q-PCR
Real-time qPCR primers for eCac, cyp24 and cyp26 were designed using Primer Express 2.0 
software (Applied Biosystems, Foster City, CA, USA). Primers for col1a2, mgp and alp were 
from Wargelius et al (2009), and primers for efIAA  and arp were from Olsvik et al (2005) 
and Olsvik et al. (2007), respectively. Primers were based on salmonid sequences when 
available or on sequences from related species (Table 1: primer sequences). Real-time 
qPCR was performed using SYBRGreen PCR Master mix (Applied Biosystems), 2.5 ^l 
RT template and gene specific primers (0.9 ^M) and run on the ABI Prism 7000 Sequence 
Detection system (Applied Biosystems). All samples were run in triplicate with 
accompanying ‘no template’ and ‘no activity’ controls. Reaction conditions were 95 °C for 
10 min, 40 cycles of 95 °C for 15 sec and 60 °C for 1 min and a final dissociation step 
with 95 °C for 15 sec, 60 °C for 20 sec and 95 °C for 15 sec. All Q-PCR products yielded 
a single peak melting curve indicating that no primer-dimer formation occurred.
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Table 1 Primer sequences for matrix gla protein (mgp), collagen 1a2 (col1a2), alkaline phosphatase (alp), 
epithelial calcium channel (ecac), 25-hydroxyvitamin D3-24-hydroxylase (cyp24), retinoic acid-metabolising 
enzyme (eyp26), elongation factor 1A (eflaA) and acidic ribosomal protein (arp) in Atlantic salmon (Salmo 
salar L.)
Primer Primer sequence (’5->’3)_________________________________ Accession number
coll a2 Fw: GAG GGT GGA TGC AGG TGT GT CA064459
R v : TAC TGG ATC GAC CCC AAC CA
mgp Fw: GAA AGC ACA GAA TCC TTT GAA GAT GT AY182239
R v : GTG GAC TCT GTG GGT TGA TGA A
eCac Fw: TGG GTG CCC TGG TTA TTC TG AY256348
R v : ATC GCA TAG GCA ATA AGA ATG ACA
alp Fw: CTA CAC GCC AAG AGG GAA CAC CO472235
R v : GGT AAA GGG TTT CTG GTC CAC AT
cyp26 Fw: GAG GAC TCG TCG CGT TTT AAC T CK890206
R v : TTG GCG AAC TCT TTC CCT ACA
cyp24 Fw: GGA GAC CAT TTG CTT AGT GC AY526907
R v : CCA AAT GTG CTC ATC ATC G
arp Fw: TCA TCC AAT TGC TGG ATG ACT ATC AY255630
R v : CTT CCC ACG CAA GGA CAG A
efIAA Fw: CCC CTC CAG GAC GTT TAC AAA AF321836
R v : CAC ACG GCC CAC AGG TAC A
Normalisation of gene expression and statistical analyses
Elongation factor 1A (E F 1 A a) and acidic ribosomal protein (ARP) were used as reference 
genes. The stability of these genes was estimated using the geNorm VBA applet for 
Microsoft Excel (Vandesompele et al., 2002). E F 1 A a proved to be the more stable and all 
investigated genes are presented relative to E F 1 A a . Assessment of statistically significant 
differences between treatments for gene expression data was performed using non- 
parametric Kruskal-Wallis ANOVA followed by the Mann-Whitney U-test. Regression 
analysis was performed for correlation between P and Ca uptake in gut sacs using 
GraphPad Prism 5.02 (GraphPad software, La Jolla, CA). Assessment of statistically 
significant differences between treatments for plasma values and the gut sac experiment 
were determined by one-way analysis of variance, followed by an LSD post-hoc test at the 
a = 0.05 level.
126
steroid cross-talk
Results
Optimal retinoic acid dose
A hyperbolic dose-response relation (correlation r2 = 0.90) for injected RA dose and the 
resulting plasma RA concentration was observed (Figure 1). Plasma RA concentrations 
ranged from 30 pM in untreated control fish to 50 nM in fish injected with 500 .^g RA g-1 
BW. cyp26 mRNA expression increased with increasing RA concentrations with a ~430 
fold higher expression in groups injected with 500 ^g RA g-1 BW compared to those fish 
injected with pure sunflower oil. Furthermore, no all-trans or 13-cis 4-oxo RA, products 
from CYP26 RA catabolism, was seen in the groups given 0 or 10 ^g RA g-1 body weight, 
while groups exposed to 100, 250 and 500 .^g RA g-1 BW showed increasing 4-oxo RA 
concentrations in plasma with increasing RA exposure (data not shown). cyp26 expression 
plateaued at doses above 100 ^g kg-1 BW and therefore 100 ^g RA g-1 BW was chosen as 
the RA dose for combination treatment.
Figure 1 Gene expression (fold difference compared to non-treated fish) of cyp26 relative to elongation 
factor 1 alpha (eftaA) and plasma retinoic acid (nM) in Atlantic salmon (Salmo salar L.) 5 days after 
intraperitoneal injection of 0 (•), 10(b), 100(^), 250 (Á)and 500 (◊) |ag g-1 fish of all-trans retinoic acid in 
sunflower oil
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Retinoic acid and calcitriol treatment
Intraperitoneal injection of CTR reduced plasma CTR levels ~4 fold (P < 0.05) after 3 
days compared to controls (Figure 2). Although still ~2 fold lower than controls (P < 
0.05), CTR plasma levels increased again after 5 days and were not significantly different 
from controls at day 7. Plasma VA metabolites were not affected by CTR injection. RA 
injection decreased plasma CTR ~5 fold after 5 and 7 days (P < 0.05) but not after 3 days. 
In the RA-CTR group, plasma CTR levels decreased ~4- to 6-fold at day 3, 5 and 7. All- 
trans retinol plasma concentration (the plasma transport form of retinoids), was 
significantly (P < 0.05) lower, while plasma 9-cis, 13-cis and all-trans RA levels and the RA 
degradation products 13-cis and all-trans 4-oxo RA were significantly (p<0.05) higher at 3, 
5 and 7 days in the R A  and R A -C T R  groups (Table 2). There were no differences among 
groups in plasma total Ca, Mg or Pi at any time point (Table 2).
-e- Control 
-B- CTR 
- A -  RA 
- 9-  RA-CTR
i
8
Days
Figure 2 Plasma values of calcitriol (pM) in Atlantic salmon (Salmo salar L.) prior to and 
after intraperitoneal injection of pure sunflower oil (Control), calcitriol in sunflower oil 
acid in sunflower oil (RA) or CTR and RA in sunflower oil (RA-CTR). Data reported as 
n=3 where each replicate represents a pool of plasma from three fish. Different superscript letters denote 
significant differences within each time point, p < 0.05 (ANOVA)
3, 5 and 7 days 
(CTR), retinoic 
means ± SEM,
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Table 2 Plasma values of retinol, retinoic acid, Mg, total Ca and Pi in Atlantic salmon (Salmo salar L.) prior 
to and 3, 5 and 7 days after after intraperitoneal injection of pure sunflower oil (Control), calcitriol in 
sunflower oil (CTR), retinoic acid in sunflower oil (RA) or CTR and RA in sunflower oil (RA-CTR).
Analyte Treatment
Days post-treatment
0 3 5 7
All- trans Control 142 ± 39 148±16a 181±46a 154±15a
retinol CTR 151±1a 166±16a 115±16a
(nmol L-1) RA 12±1b 7±1b 11±2b
RA-CTR 12±3b 10±2b 10±1b
13-cis Control 2.8±0.4 9±3b 4±1b 3±1b
retinoic acid CTR 14±4b 5±1b 4±2b
(nmol L-1) RA 1616±396a 2455±696a 454±270a
RA-CTR 1812±656a 2982±302a 613±299a
9-cis Control 1.4±0.1 n.d. n.d. 1.2t
retinoic acid CTR 1.4±0.1 f 2 t 1.2t
(nmol L-1) RA 413±87 478±135 150±91
RA-CTR 442±110 579±54 161±75
All- trans Control 0.6±0.1 19±3b 11±4b 5±1b
retinoic acid CTR 12±2b 20±9b 8±6b
(nmol L-1) RA 51480±5118a 44157±6549a 14825±7119a
RA-CTR 54031±5591a 46043±5399a 15544±4620a
13-cis 4-oxo Control n.d. n.d. n.d. 1t
retinoic acid CTR n.d. n.d. n.d.
(nmol L-1) RA 9±1 21±4 9±7f
RA-CTR 9±2 26±4 6±2f
All- trans 4- Control n.d. 1t
oxo n.d. n.d.
retinoic acid CTR n.d. n.d. n.d.
(nmol L-1) RA 120±27 175±31 56±32
RA-CTR 124±29 234±64 61±24
Total Ca Control *2149±18 2261±34 2229±48
(^mol L-1) CTR n.a. *2134±7 2137±56 2249±36
RA *2159±51 2161±81 2198±27
RA-CTR *2245±82 2136±75 2199±39
Mg Control *272±1 294±2 286±12
(^mol L-1) CTR n.a. *270±3 263±8 285±6
RA *296±22 274±12 272±7
RA-CTR *298±27 277±17 277±3
Pi Control *1797±55 2026±164 1760±257
(^mol L-1) CTR n.a. *1599±171 1656±145 1491±338
RA *1490±453 1851±52 1986±104
RA-CTR *1696±54 1951±194 1038±431
Data reported as means + SEM, n=3 where each replicate represents a pool ofplasma from three fish. n.a. — not available, 
n.d. — not detected, £n=1, not detected, fn=2, not detected, *n=2, loss of sample. Different superscript letters denote 
significant differences in each time point, p  < 0.05 (ANO VA)
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Gene expression
Figure 3 shows the mRNA expression of mgp, col1a2, and alp in bone, eCac in gill and cyp24 
in liver. CTR injection reduced mgp mRNA expression 1.4 fold (P < 0.05) relative to 
controls at day 5 after injection. RA- and RA-CTR-injection resulted in a 3.8- and 3.2-fold 
reduction (P < 0.05) at day 5, and 3.0- and 3.9-fold reduction (P < 0.05) at day 7 
compared to controls. CTR injection reduced col1a2 mRNA expression 1.4-fold compared 
to controls (P < 0.05) at day 7 after injection. RA and RA-CTR injection reduced col1a2 
mRNA expression 2.4- and 1.8-fold (P < 0.05) relative to control expression at day 5, and 
by 3.4- and 5.1-fold (P < 0.05) at day 7. CTR injection reduced alp expression 1.3-fold (P 
< 0.05) at day 5. Conversely, injection of RA increased alp expression 1.3-fold relative to 
controls at day 5 (P < 0.05). CTR and RA-CTR injection did not induce expression of 
eCac in gills. RA injection increased expression of eCac 1.3-fold compared to control 
expression at day 7 (P < 0.05). Expression of cyp24 was not affected by any of the 
treatments at any tested day.
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Figure 3 Gene expression (fold difference relative to Control) in Atlantic salmon (Salmo salar L.) 3, 5 and 7 
days after intraperitoneal injection of pure sunflower oil (Control), calcitriol in sunflower oil (CTR), 
retinoic acid in sunflower oil (RA) or calcitriol and retinoic acid in sunflower oil (RA-CTR). A) Matrix gla 
protein (mgp) in bone, B) collagen 1a chain 2 (col1a2) in bone, C) alkaline phosphatase (alp) in bone, D) 
epithelial calcium channel (eCac) in gills and cyp24 in liver. Data presented as median (horizontal line), 95% 
confidence interval (box) and min-max values (whiskers), n=9. Different superscript letters denote 
significant differences within each time point, p < 0.05 (Kruskal-Wallis ANOVA)
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Ca and P uptake
Phosphorus (P) uptake across gut sacs 7 days after injection (Figure 4) ranged between 2 
and 50 nmol h-1 cm-2 and was not affected by any of the treatments. Ca uptake ranged 
between 1 and 20 nmol h-1 cm-2 and was enhanced significantly in RA-CTR treated fish 
compared to both the controls (P < 0.05) and CTR group (P < 0.05). In RA treated fish, 
P uptake and Ca uptake was significantly and positively correlated (P < 0.05, r2 = 0.49), 
while no such correlation was seen for the other experimental treatments (data not 
shown).
Figure 4 Unidirectional influx (nmol cm-2 h-1) of phosphorus and calcium across gut sacs isolated from 
Atlantic salmon (Salmo salar L.) 7 days after intraperitoneal injection of pure sunflower oil (Control), 
calcitriol in sunflower oil (CTR), retinoic acid in sunflower oil (RA) or calcitriol and retinoic acid in 
sunflower oil (RA-CTR). Bars reported as means (± S.E.M.), n=9.
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D iscussion
The effect of RA on plasma CTR and mRNA expression of selected genes provided 
strong evidence for an interaction between VA and VD in Atlantic salmon. We showed 
that artificially induced (by intraperitoneal injection) elevations in plasma RA interfered 
with plasma CTR and bone physiology. We base this conclusion on three key 
observations. First, increased RA plasma levels reduced plasma CTR levels. Second, the 
altered plasma RA and CTR levels resulted in predictable alterations in mRNA expression 
of several genes involved in bone formation. Third, intestinal calcium absorption 
increased in RA treated fish, possibly indicating increased demand of this mineral. We will 
elaborate on these findings below.
Injection of CTR resulted in unexpected dynamics of this vitamin D metabolite in vivo, 
with CTR plasma levels dropping below control values 3 days after CTR injection. 
Circulating CTR plasma levels are regulated by both synthesis and degradation. The 
enzyme primarily responsible for CTR synthesis (from 25(OH)D3) in liver and kidney) is 
25-hydroxyvitamin D 1a-hydroxylase (CYP27B1). CTR degradation to biologically 
inactive products, e.g. 1,24,25(OH)3D3, is mediated primarily through 25-hydroxyvitamin 
D-24-hydroxylase (CYP24) (Sakaki et a l, 2005). CTR degradation through CYP24 has a 
multifactorial regulation, being modulated by RA, CTR (Zou et al., 1997, Reinhardt et al., 
1999) and PTH (Zierold et a l, 2001) for example. (Lechner et a l, 2007) demonstrated that 
CTR treatment of cells derived from human colon, prostate and mammary tissue 
diminished CYP27B1 transcription and elevated CYP24 mRNA levels. We were not able 
to demonstrate any increase in cyp24 at mRNA level at 3, 5 or 7 days. It is possible that 
changes in cyp24 expression occurred prior to day 3, and would not have been detected 
under our sampling regime.
Injection of RA resulted in a predictable VA profile. After injection, plasma RA 
levels increased quickly initially, and decreased slowly during the following days. Plasma 
RA is broken down by the RA-specific CYP26 (Luu et al., 2001). Indeed, transcription of 
cyp26 was increased in RA injected fish when establishing optimal RA dose (Figure 1). An 
important oxidation product of the CYP26 mediated degradation of RA is 4-oxo retinoic 
acid (Chithalen et al., 2002). This metabolite was elevated in RA- and RA-CTR-injected
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fish (Table 2), and indicates that pathways for regulating excess RA concentrations had 
been activated. Furthermore, the availability of the RA precursor retinol was reduced 14­
fold in plasma of the RA- and RA-CTR-injected fish (Table 2) suggesting that 
mechanisms for reducing production of RA through retinol oxidation were down- 
regulated.
A negative association between high plasma retinol and plasma 25(OH)D3 
concentrations has been found in human subjects (Mata-Granados et a l, 2008). In our 
study, a persistently elevated plasma RA level in Atlantic salmon decreased plasma CTR 
levels by at least 80%. All-trans RA and 9-cis RA are potent stimulators of cyp24 expression 
in vivo in mice (Allegretto et a l, 1995). A similar mechanism in salmon could explain the 
decrease in plasma CTR levels at day 5 and 7 in RA-treated fish. The fastest clearance of 
plasma CTR levels was observed in the RA-CTR-group, a possible additive effect of both 
RA and CTR on cyp24. Accordingly, a 2-fold increase in rat renal CYP24 activity when 
co-dosing CTR and RA compared to CTR alone has previously been reported (Reinhardt 
et a l, 1999). The extracellular matrix proteins mgp and collagen perform a regulatory and 
a structural role, respectively. In fish species, data on mgp transcription are scant. In the 
teleost Sparus auratus, a negative RARE in the promoter region of the mgp gene has been 
identified and inhibition of mgp transcription by RA has been demonstrated (Conceicao et 
a l, 2008). In the current study, transcription of mgp was significantly inhibited in the CTR, 
RA- and RA-CTR-groups. The results obtained in the current study are, to our 
knowledge, the first to describe an effect of CTR on mgp in a teleost fish. Numerous 
studies have investigated the effect of CTR on collagen type- I formation, and both up- 
and down-regulation of col1 has been found, depending on species and model system (van 
Driel et a l, 2004). The decrease in col1-a2 transcription in the CTR-group at day 7 can be 
explained by lower plasma CTR values at days 3 and 5. RA is an inhibitor of collagen 
synthesis and the reduction in col1-a2 transcription is in line with other studies (Wang et 
al., 2002).
ALP is a known marker of preosteoblasts and osteoblasts in both mammals 
(Whyte, 1994) and fish (Witten, 1997) and is commonly used as a marker of 
mineralisation processes. Transcription of alp is stimulated by both RA (Heath et a l, 1992) 
and CTR (Whyte, 1994). Conversely, the reduction of CTR in plasma transiently reduced 
the expression of alp in the CTR-group in our study. The low plasma concentration of
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CTR in the RA- and RA-CTR-groups possibly counteracted the effect of RA, and only a 
small increase in expression of alp (~1.3 fold) was seen in these groups. For the RA- 
groups a picture emerged whereby matrix protein transcription (mgp and col1 a2) was 
inhibited and transcription of bone alp (important for mineralisation of the matrix) was 
stimulated. However, a caveat applies. Gene expression data do not necessarily reflect the 
actual protein expression or activity. If mineralisation does increase under RA treatment, 
then recruitment of calcium, phosphorus and magnesium from plasma might be expected. 
These are are the primary minerals required to deposit apatites. However, no changes in 
plasma levels of these minerals were seen, which we do not find surprising given the strict 
homeostatic control of plasma levels of these elements, especially Ca, in vertebrates. Also 
in fish, plasma calcium levels are tightly regulated by a variety of hormones including 
stanniocalcin (Pierson et a l, 2004), parathyroid hormone-related protein (Abbink et a l,
2007), calcitonin (Najib and Martine, 1996), prolactin (Flik et a l, 1984) and vitamin D. 
Increased deposition of calcium (and also to a lesser extent P and Mg) would quickly be 
compensated for by increased uptake from the environment. The gills are an important 
organ for calcium uptake from the water (Flik and Verbost, 1993), and in many fish are 
more important than the intestinal uptake route. A gene likely to be involved in 
transcellular calcium transport is the epithelial calcium channel (eCac.; Hoenderop et a l, 
1999); a member of the Transient Receptor Potential Vanilloid, TRPV, class of ion 
channels (Hoenderop et a l, 2002). In rainbow trout, the branchial eCac responds to 
variations in external calcium concentrations, and is pivotal in regulating calcium influx 
via the gills (Shahsavarani and Perry, 2006). Qiu and Hogstrand (2004) identified two 
VDREs in the promoter region of branchial eCac of pufferfish (Fugu rubripes) and later 
demonstrated an increased expression of eCac in rainbow trout (Oncorhynchus mykiss) gills 
after intraperitoneal injection of CTR (Qiu et a l, 2007). The increase in eCac mRNA 
expression in the gill in the RA-group in the current study could relate to an increased 
calcium demand. Lending support to changes in mineral metabolism, the absorption of 
Ca across the intestine was increased after 7 days in the RA-CTR groups (Figure 4). A 
positive correlation between intestinal P uptake and Ca uptake in RA-treated fish was also 
observed, supporting the hypothesis of an increased need for calcium and/or 
phosphorus. Since no major changes in plasma levels of Ca and P occurred, either the 
excretion of the minerals had increased or more minerals were deposited. The increase in
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alp transcription in these same groups would be in line with the latter process. Taking into 
account the apparent decrease in matrix formation, constant high plasma levels of RA in 
Atlantic salmon may result in abnormal bone growth and could explain bone 
malformations seen in fish overfed VA (0rnsrud et a l, 2002).
Although intraperitoneal injection of high RA doses can be considered a non- 
physiological situation, this study does provide mechanistic evidence for an interaction 
between RA and CTR that may form a basis for an understanding of some types of 
bone deformities seen in aquaculture. In support of this, we recently found evidence that 
feeding graded doses of vitamin A as retinol for a prolonged period of time decreases 
plasma CTR, increases ALP activity in bone, increases mineral content of bone and 
causes bone deformities in Atlantic salmon (0rnsrud et a l, 2008).
The data from this study indicate a dual effect of RA on bone. While RA inhibits 
matrix formation, it also appears to activate genes involved in matrix mineralization. 
Suppression of plasma CTR levels could partly explain the effects of VA on bone. The 
results suggest a more integrated approach when studying the effect of fat-soluble 
vitamins on bone could be a key to a more complete understanding of bone physiology.
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A bstract
The removal of a scale from its scale pocket initiates a regeneration process to rapidly 
form a new scale at the same location. The regeneration process displays molecular and 
cellular pathways comparable to those operational during ontogenetic scale formation. 
Here, we describe the regeneration of scales in the Mozambique tilapia (Oreochromis 
mossambicus). Differentiation of the scale pocket lining cells into two (pre-)scleroblastic 
layers is histologically discernable as off two days regeneration in fish kept at 26 °C. At 
day 4 a two-layered scale plate could be recovered; its alkaline phosphatase (ALP) activity, 
calcium and phosphorus content and dry scale weight were measured till 24 days of 
regeneration. At day 4 the Ca/P  ratio of the mineral associated with the regenerated scale 
is around 1, indicative of brushite, an early deposited form of calcium phosphate. ALP 
activity per mg scale was highest at day 4, then rapidly decreased till day 9 and plateaud 
thereafter. This reflects the formation of the mineralized external layer at day 4 and the 
quick increase in thickness up to day 9 through formation of the elasmoid collagen-rich 
inner layer. Between days 9 and 24 ALP production per mg scale became constant. From 
day 9 onwards the scale grows mainly in diameter, and its weight and ALP activity 
increase in an equal manner. Total ALP activity per scale doubles between days 5 and 6 
and this concurs with the formation of the fibrillary inner layer and upper limiting layer. 
At this stage the Ca/P  ratio of the mineral phase is about 1.6, indicative of 
hydroxyapatite. Taken together, three distinctive crucial phases in scale development were 
identified that can be used for in vitro experiments: first, the rapid formation of the 
external layer (day 2-5), second, the formation of the fibrillary plate and upper limiting 
layer (day 5-9) and third, the expansion in diameter (days 9 and onwards). ALP activity of 
scleroblasts associated with 10 days regenerated scales is stimulated in vitro by calcitriol.
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In troduction
The ontogeny and development of a fish scale has been described in detail since the early 
studies of Yamada (1961) and Moss (1963) to the more recent studies of Sire and 
Akimenko (2004). Most fish, including Mozambique tilapia (Oreochromis mossambicus), have 
elasmoid scales that consist of three distinctive tissues that are deposited in an invariable 
sequence during development. First the external layer (EL) is formed, consisting of well 
mineralised, more or less randomly organised collagen, which allows a fast extension in 
diameter. Second, the fibrillary plate (FP) and upper limiting layer (ULL) are formed. The FP 
consists of collagen fibres oriented in a plywood-like structure that are only partly 
mineralised and allows an extension in thickness. The ULL is highly mineralised and 
devoid of any collagen or other proteins and this tissue gives the necessary strength to the 
scale (Zylberberg and Nicolas 1982, Sire and Akimenko 2004). Scales protect the fish and 
serve as a readily available store of calcium and phosphate. Despite their small size and 
thickness the scale compartment in toto may contain up to 20% of the total body calcium 
in fish (Flik et al. 1985). In periods of high demand, minerals like phosphorus or calcium 
will be mobilised from the scales and not from the endoskeleton (e.g. Persson et al. 1995, 
Rotllant et al. 2005, Suzuki and Hattori 2002, 2003, Witten and Huysseune 2009). During 
spawning, tartrate resistant acid phosphatase (TRACP) and cathepsin K  (Cath K) gene 
transcription increases in goldfish (Carassius auratus) scales (Azuma et al. 2007). Similarly, 
in river running Atlantic salmon (Salmo salar) TRACP activity of the scales increases 
(Persson et al. 1998). A high affinity, low-capacity estradiol-17ß binding was found in 
scleroblast cytosol of rainbow trout (Oncorhynchus mykiss) (Persson et al. 2000) and estrogen 
receptors have immunohistochemically been detected in Mozambique tilapia (Oreochromis 
mossambicus) and sea bream (Sparus auratus) scales (Pinto et al. 2009). In-vitro stimulation of 
TRACP activity by estradiol-17ß has been demonstrated in cultured scales of goldfish 
(Carassius auratus) and nibbler fish (Girella punctata); interestingly, in the presence of 
calcitonin (Suzuki et al. 2000) or melatonin (Suzuki and Hattori 2002) this effect is 
inhibited. Ligand binding studies and gene expression data demonstrated the presence of 
a parathyroid receptor (PTH1R) in sea bream (Sparus auratus) scales and in-vitro exposure 
to parathyroid hormone related protein (PTHrP) indeed stimulated TRACP activity 
(Rotllant et al. 2005) and down-regulated osteonectin gene transcription in scales
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(Redruello et al. 2005). Prolactin, growth hormone and somatolactin promote osteoblastic 
activity in goldfish scales in vitro (Takahashi et al. 2008). Moreover, prolactin reduces 
osteoclastic activity on the scales via osteoclastic apoptosis (Takahashi et al. 2008).
In the emerald rockcod (Pagothenia bernacchii), ip injections of vitamin D 3 increased bone 
mineralization by 150% (Fenwick et al. 1994). In zebrafish (Danio rerio) larvae, addition of 
vitamin D 3 or 1,25(OH)2D3 to the water increase bone mineralization in a dose- 
dependent manner (Fleming et al. 2005). Conversely, bone catabolic effects of 
1,25(OH)2D3 were also reported. Wendelaar Bonga and colleagues (1983) observed a 
decrease in osteoblast cell size and number and bone calcium and phosphate 
concentrations in fin ray bone after repetitive injection of 1,25(OH)2D3 in Mozambique 
tilapia (Oreochromis mossambicus). Injection of 24,25(OH)2D3 on the other hand activated 
osteoblasts, increased cell size and numbers. Similarly, ip injection of 1,25(OH)2D3 in 
European eel stimulated vertebral bone resorption as determined by the number of 
osteocytic cavities (Lopez et al. 1977) and increased plasma levels of calcium and inorganic 
phosphate (Lopez et al. 1980). Interestingly, this effect of 1,25(OH)2D3 depended on the 
physiological condition of the fish. In maturing females, with already elevated plasma 
levels of protein-bound calcium and phosphate (due to high levels of vitellogenin), 
1,25(OH)2D3 treatment increased these plasma levels even more, but also stimulated 
osteoblastic activity and new bone formation (Lopez et al. 1980). Exposing ricefield eel 
(Monopterus albus) to elevated concentrations of vitamin D 3 in the diet increased bone 
calcium content but not phosphate content (Tan and He 2007). The effect of vitamin D 3 
metabolites on bone seems to be complex and many other factors, e.g. other hormones, 
are involved as well.
So far, only circumstantial evidence of the involvement of the vitamin D endocrine 
system in scale physiology exists. When feeding rainbow trout (Oncorhynchus mykiss) a diet 
containing a high concentration of vitamin D 3 (25 mg vitamin D 3 kg-1) for 24 weeks, 
calcium, magnesium and phosphate concentrations of the scales increase significantly 
(Hilton and Ferguson 1982). More recently, vitamin D receptor (VDR) gene transcription 
was found in Atlantic salmon (Salmo salar) scales (Lock et al. 2007).
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The removal of a scale from the dermal scale pocket results in rapid formation of a new 
scale (Frietsche and Bailey 1980, Sire et al. 2000). A regenerating scale follows a similar 
developmental pattern as found during scale ontogeny. Yoshikubo and colleagues (2005) 
observed that scleroblasts on regenerating goldfish scales are more numerous and larger 
compared to scleroblasts on ontogenetic scales. Exposing regenerating scales to estradiol 
(E2) in vitro resulted in a more sensitive response compared to ontogenetic scales. Both 
Yoshikubo and colleagues (2005) and more recently Brittijn and colleagues (2009) 
proposed the regenerating scale as a good model to assess the participation of hormones 
in bone formation.
Vitamin D is an important regulator of calcium and phosphorus homeostasis in fish 
(Lock et al. 2010).
The present study establishes a developmental time line for regenerating scales in 
Mozambique tilapia. We measured the commonly used biochemical markers in fish scale 
research, viz. alkaline phosphatase (ALP) activity and calcium (Ca) and phosphorus (P) 
content during scale regeneration. Scale histology was used to follow development of the 
scale. Next, we assessed the effects of the two most biologically active vitamin D 3 
metabolites, 1,25(OH)2D3 (calcitriol) and 24,25(OH)2D3, on ALP and TRACP activity in 
scleroblasts associated with 10 days regenerating scales.
M aterials & M ethods
Animals
Laboratory stock Mozambique tilapia (60 ± 11.5 g) were kept in 250-L tanks with 
recirculating (720 L/h) bio-filtered tap water at 26°C and fed daily ad libitum with T3 
Tilapia start (Trouw Nutrition & co, The Netherlands).
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Experiment I: Establish a developmental time line for regenerating scales
Fish were anesthetised with 2-phenoxy-ethanol (0.1% v/v) and thirteen scales were 
removed from the second row above the lateral line on each side of the fish. Between 
days 4 and 24 of regeneration, each day 5 fish were anesthetised and a maximum of 20 
regenerated scales per fish were collected. From each fish, five scales were fixed in 
Bouin’s fluid for HE-staining, five scales were used for ALP enzyme activity 
measurements, and five for measurement of calcium and phosphate contents. ALP- 
activity was measured as described by Suzuki et al. (2000) with slight modifications. The 
part of the scale that is covered by the epidermis was removed to exclude skin-derived 
phosphatases activity. The assay buffer contained 100 mM NaCl, 5 mM MgCh, 0.2 mM 
CaCl2, 0.1 mM ZnCh, 25 mM glycine and 10 mM pNPP, pH=10.2. Scales were incubated 
in a 48 wells tissue culture plate with 200 ^l assay buffer for one hour in a shaking 
incubator at 26°C The reaction was stopped by addition of 100 ^l ice-cold 1M NaOH. 
Next, 140 .^l of the reaction-mixture was transferred into a 96-wells plate and the 
absorbance read at 405 nm. Subsequently, the scales were collected, dried overnight 
(37°C) and weighed.
Calcium and phosphate levels of five regenerating scales pooled were measured with an 
Inductively Coupled Plasma emission spectrometer (X-series I, Thermo Fisher Scientific). 
Before measurement the scales were dissolved in concentrated (10% v/v) H N O 3 and 
diluted with ddH 2O. From the calculated scale mineral content, the calcium/phosphate 
ratio and calcium flows (mineral accumulation rate) were calculated.
Experiment II: Vitamin D  exposure
Fish were anaesthetized with 2-phenoxyethanol and twenty scales per fish were removed 
from the second row above the lateral line. After 10 days, regenerated scales from the 
same fish were collected and stored in MEMa medium (GibcoTM). The part of the scale 
covered with epidermis was removed and the scales were washed in MEMa three times. 
Next, the scales were exposed for 10 minutes to 0.25% (w/v) trypsin solution to remove 
the scleroblasts from the scale matrix. The trypsin solution with the scleroblast cells was
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mixed with MEMa medium, 10% FBS and 1%PBS to dilute 10 times and inactivate 
trypsin. The cell suspension was centrifuged at 600 rpm for 30 min, the supernatant 
discarded and the cells resuspended to a concentration of 2-106 cells/ml in MEMa 
medium. The vitamin D metabolites (Sigma, Germany) were dissolved in ethanol and 
added to the incubation medium (final E tO H  <1% v/v). Nine hundred .^l of incubation 
medium was added to a 48-wells plate and 50 ^l of the cell suspension was added. The 
plates were incubated at 26°C for 24 hours. After that, the incubation medium was 
collected and used for the ALP assay as described above (three times 50 ^l) or TRACP 
assay (three times 50 ^l). For the TRACP assay 200 ^l TRACP buffer (10mM para- 
nitrophenyl-phosphate, 20 mM tartrate, 0.1 M NaCH 3COO, pH=5.3) was added to each 
well. The plate was transferred to a shaking incubator at 26°C for 30 min. After 
incubation, the reaction was stopped by adding 50 .^l 1M NaOH. Finally, 150 .^l of 
colored solution was transferred to a new plate, and the absorbance measured at 405 nm. 
The results shown here concern the mean of 5 independent experiments.
Statistical analysis
Results are shown as mean values ± S.D. Statistical significance was assessed by the 
Mann-Whitney U-test.
Results
Two phases of growth are observed in the regeneration process
Scale dry weight increases from day 4 throughout the period of the experiment (until day 
24). The increase in weight can be divided into two periods: a period of fast growth and a 
period of slower, yet steady growth: fast growth is seen between day 4 and day 9, in this 
period the dry scale weight increases 12-fold. The second, more steady period of growth 
is seen between days 9 and 24 where scale dry weight increases 2-fold.
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Calcium and phosphorus can be found in equal amounts in a scale at day 4 (Table 1); 
between days 5-10 calcium is 1.5-1.7 fold more abundant in the regenerating scales than 
phosphorus. From day 10 onwards the calcium/phosphorus ratio stabilises around 1.5. 
Total amounts of calcium and phosphorus increases up to day 24 (data not shown).
A L P  activity of the regenerating scale
At days 4 and 5, the regenerating scale has an ALP activity of around 0.8 ^mol p N P /h  
per scale (Table 1). From day 6 and onwards, the ALP activity increases and remains 
constant between 1.4-1.6 ^mol p N P /h  per scale. ALP production expressed per weight of 
the scale (Table 1) quickly decreased up to day 8 and remained at a constant level of ~0.1 
^mol p N P /h  per mg scale after day 8, in line with growth-related weight increase.
Table 1. Calcium phosphate ratio and ALP activities (per individual scales and per scale weight) in 
regenerating scales of Mozambique tilapia. EL: external layer; ULL: upper limiting layer; FP: fibrillary 
plate; SPL scale pocket lining cells (scleroblast progenitors). Signficant increases in calcium phosphate 
ratio occur between days 4 and 5 of regeneration in this fish kept at 26°C.___________________________
Day Ca/P ratio
ALP activity 
(|oM pNP/h 
per scale)
ALP activity 
(|oM pNP/h 
per mg 
scale)
Tissue
formed Characteristic events
1 n.d. n.d. n.d. -
2 n.d. n.d. n.d. EL Activation o f SPL cells
3 EL Double cell layer
4 1.16 ± 0 . 1 1 0.81 ± 0.05 0.81 EL First regenerated scale removal
5 1.57 ± 0.16 0.81 ± 0 . 2 0 0.40 EL
6 1.59 ± 0.16 1.51 ± 0.18 0.50 F P /U L L
7 1.52 ± 0.05 1.26 ± 0 . 1 0 0.32 FP/ULL
8 1.53 ± 0.10 1.60 ± 0.15 0.18 FP/ULL
9 1.45 ± 0.08 1.43 ± 0.14 0 . 1 2 Increasing scale diameter
1 0 1.51 ± 0.04 1.32 ± 0.07 0.14
Histology and morphology
Scale formation starts at day 2 when the external layer between epi- and hyposquamal 
scleroblasts becomes visible. At day 4 the plate becomes mineralised and could be 
removed again from its scale pocket for in-vitro culture. Morphological studies on
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uncultured regenerating scales show that the increase in thickness proceeds up to day 8. 
From day 9 onwards the scale starts growing in diameter (data not shown).
Vitamin D  exposure
Exposing isolated scleroblasts to various concentrations of calcitriol for 24 hours resulted 
in a significant (p<0.05) increase of ALP activity at 2.5-10-8 M compared to 1.25-10-8 M 
(fig. 1). Increasing calcitriol dose to 3.75-10-8 M or higher resulted in a significant (p<0.05) 
decrease of ALP activity compared to the 2.5-10-8 M dose. ALP activity in these higher 
doses was however significantly (p<0.05) higher than in controls. No effects were 
observed on TRACP activity. Exposure to 24,25(OH)2D3 did not change (p > 0.05) ALP 
or TRACP activity.
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Figure 1. ALP (A) and TRACP (B) activity in 10 days old regenerating scleroblasts exposed for 24 h to 
different concentrations of 1,25(OH)2D3 or 24,25(OH)2D3.
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D iscussion
The regenerating fish scale offers a unique and versatile model and provides new insights 
when compared to the ontogenetic fish scale. The ontogenetic scale consists 
predominantly of a ‘mature’ scale plate and scale growth is restricted to the edges, where 
direct appositional bone formation occurs. In regenerating scales all scleroblasts are highly 
active, and the scale make-up is continuously changing. Clearly, three stages in the 
regeneration process (discussed below) can be distinguished that can be studied easily ex 
vivo and in vitro. The regenerating scale offers the possibility to study anew the cascade of 
molecular, cellular and physiological processes behind scale formation as it occurs in 
normal growth. The rapid replacement of scales in vivo offers a bone model for 
appositional bone formation that is fast (after 4 days significant new bone formation is 
measurably on-going) relative to existing mammalian models. Interestingly, the use of 
eurytherm fish allows the experimentator to vary water temperature of the donor fish and 
by doing so time kinetics of bone formation can easily be manipulated experimentally and 
to the wish of the researcher’s interest. Isolated Mozambique Tilapia scleroblasts respond 
to vitamin D metabolite exposure in vitro, providing strong evidence that cells associated 
with scales are targets for vitamin D. Two other key observations were made. First, ALP 
activity but not TRACP activity is stimulated by 1,25(OH)2D3. Second, no effect on ALP 
or TRACP activity was seen following 24,25(OH)2D3 exposure. We will elaborate on 
these findings below.
Day 2-6: formation of the external layer
Within 24 hours after removal of the ontogenetic scale the regeneration process is in full 
swing. This process has been described earlier in detail by Frietsche and Bailey (1980), 
Bereiter-Hahn and Zylberberg (1993), Sire et al. (2000) and recently by Yoshikubo et al. 
(2005); our studies on Mozambique tilapia scales confirm most of their observations. The 
external layer was first seen after two days and quickly grows the following two days to a 
thicker plate that can be removed and cultured as off day 4. As the C a/P  ratio approaches 
unity, the calcium phosphates in this plate must be mainly brushite. The fact that the ratio
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is in fact slightly above 1.00 could be explained by the presence of calcium carbonates. 
The Ca/P  ratio increases rapidly (within 24 hours) to a value of around 1.60 and indicates 
that (combinations of) less soluble calcium-phosphate complexes are formed such as 
defective hydroxyapatite, whitlockite and hydroxyapatite, with a calcium/phosphate ratios 
ranging from 1.50 to 1.67 (Driessens, 1982). Throughout the remainder of the experiment 
the ratio stabilized around 1.5, which is characteristic for osteoid mineralized with an 
“apatite mixture” (Urasa et al., 1985).
If we regard mineral deposition a linear process, from day four to nine, 126 pmol calcium 
per minute is deposited in a single regenerating scale. This value is calculated for tilapia — 
after 26 scales had been removed. Surely, the total number of scales removed could 
influence the regeneration process. It is unknown if the amount of calcium available for 
scale regeneration is fixed or if more calcium can be mobilized if necessary, either from 
internal reservoirs (bone, scales), or an increased calcium uptake via the gills. Earlier 
experiments showed that when Mozambique tilapia grow from 20 to 21 grams body 
weight, 3.6 pmol calcium per minute is deposited in a single ontogenetic scale (G. Flik, 
unpublished data). Although the mean body weight of the tilapia’s used in those 
experiments was only half that of the fish used in the present experiment, the deposition 
of calcium in the regenerating scales in this experiment was a spectacularly 35 times 
higher and this must reflect the greater need of mineral for the new formation of the 
scale. Branchial calcium influx (Fin) and efflux (Fout) for a 45 gram tilapia was described by 
Flik et al. (1985), and for those fish, the net calcium flux (Fnet) is 816 nmol/h. As a single 
regenerating scale deposits 126 pmol calcium per minute, the calcium deposited in 26 
regenerating scales makes up 24% of the Fnet in an undisturbed fish. It may well be that 
the Fnet needs adjustment as a consequence of the higher need for calcium when 
significant numbers of scales are removed.
Day 6-9: formation of the fibrillary plate and upper limiting layer
ALP activity per scale almost doubles at day 6 compared to day 4 and 5, and remains at a 
more or less constant level throughout the experiment. The strong increase in ALP 
activity correlates with the mineralization of the ULL. Interestingly, the scleroblasts
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involved in ULL formation must switch from merely matrix formation to true bone 
forming (mineralized ULL) cells and thus are equipped with differential programming for 
these defined activities. At the same time (around day 5-6) the hyposquamal scleroblasts 
start forming the FP which gives the scales its elasmoid character. A plywood-like 
structure of collagen fibres is formed. The scale quickly increases in thickness and weight 
during this period. Due to the fact that the relative volume of scleroblasts has become 
smaller following the growth of the matrix compartment the ALP activity per mg scale 
decreases up to day 9 and remains constant from that point on.
Day 9 and onwards: extension in diameter
From day 9 and onwards, the scale starts growing in diameter by steady appositional bone 
growth, as observed in ontogenetic scales of growing tilapia. The scale’s weight increases 
and new cells are being formed that add to the total amount of ALP. ALP production per 
mg scale remains at a constant level between days 9-24.
Thus the regenerating scale provides a model to study progenitor differentiation, matrix, 
osteoid formation and mineralization associated with appositional bone formation. Fish, 
as ectotherms, and with their scale compartment offer unique tools to study bone 
formation processes.
Vitamin D  exposure
Vitamin D (VD) plays an important role in calcium homeostasis in vertebrates, including 
fish (Lock et al. 2010). The effects of VD on fish bone are not unambiguous. Both 
increases (Fenwick et al. 1994, Fleming et al. 2005) and decreases (Wendelaar Bonga et al. 
1983, Lopez et al. 1977, 1980) in bone mineralization after ip injections of vitamin D 3 or 
metabolites have been reported and effects appear to vary depending on the physiological 
condition of the fish that may quickly alter or vary in populations. The developmental 
state of the scales is therefore an important consideration for interpreting our findings. 
According to the time line of the development of Mozambique Tilapia scales, 10 days old
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regenerating scales have highly active epi- and hyposquamal scleroblasts. More 
importantly, although all the scale tissues are laid down, the scales are still growing quickly 
and have not reached their full size. Scale forming processes, that involve ALP activity, 
will be much more prominent than processes that will initiate scale breakdown and 
involve TRACP activity. Stimulation of ALP activity by calcitriol found in this study is in 
line with previous studies in zebrafish (Danio rerio) larvae: addition of 1,25(OH)2D3 to the 
embryo medium increased bone mineralization in a dose-dependent manner (Fleming et 
al. 2005). Although the presence of (classical) osteoclasts on ontogenetic goldfish scales 
has been demonstrated by Azuma and colleagues (2007), presence of osteoclasts on newly 
formed, 10 days old growing scale awaits its first demonstration.
References
Azuma K, Kobayashi M, Nakamura M, Suzuki N, Yashima S, Iwamuro S, Ikegame M, 
Yamamoto T & Hattori A 2007 Two osteoclastic markers expressed in 
multinucleate osteoclasts of goldfish scales. Biochemical and biophysical research 
communications 362 594-600.
Bereiter-Hahn J & Zylberberg L 1993 Regeneration of teleost fish scale (review). 
Comparative biochemistry and physiology 105A 625-641.
Bidman HJ, Radu I & Stumpf WE, 2007 Aspects of 1,25-dihydroxyvitamin D3 binding 
sites in fish: an autoradiographic study. Romanian journal of morphology and embryology 
43 91-101.
Driessens FCM 1982 Mineral Aspects of Dentistry. Monographs in Oral Science. 
(Karger).
Brittijn SA, Duivesteijn SJ, Belmamoune M, Bertens LFM, Bitter W, De Bruijn JD, 
Champagne DL, Cuppen E, Flik G, Vandenbroucke-Grauls CM, Janssen RAJ, De 
Jong IML, De Kloet ER, Kros A, Meijer AH, Metz JR, Van der Sar AM, Schaaf 
MJM, Schulte-Merker S, Spaink HP, Tak PP, Verbeek FJ, Vervoordeldonk MJ, 
Vonk FJ, Witte F, Yuan H  & Richardson MK 2009 Zebrafish development and 
regeneration: new tools for biomedical research. The international journal of 
developmental biology 53 835-850.
Fenwick JC, Davison W & Forster ME 1994 In vivo calcitropic effect of some vitamin D 
compounds in the marine Antarctic teleost, Pagothenia bernacchii. Fish Physiology and 
biochemistry 12 479-484.
Fleming A, Sato M & Goldsmith P 2005 High-throughput in vivo screening for bone 
anabolic compounds with zebrafish. Journal of biomolecular screening 10 823-831.
Flik G, Fenwick JC, Kolar Z, Mayer-Gostan N & Wendelaar Bonga SE 1985 Effects of 
low ambient calcium levels on whole body Ca2+ flux rates and internal calcium 
pools in the freshwater cichlid teleost, Oreochromis mossambicus. Journal of experimental 
biology 120 249-264.
154
scale regeneration in Mozambique tilapia
Frietsche RA & Bailey CF 1980 The histology and calcification of regenerating scales in 
the blackspotted topminnow, Fundulus olivaceus (Storer). Journal of fish biology 16 693­
700.
Hilton JW & Ferguson HW 1982 Effect of excess vitamin D 3 on calcium metabolism in 
rainbow trout Salmo gairdneri Richardson. Journal offish biology 21 373-379.
Hilton JW 1989 The interaction of vitamins, minerals and diet composition in the diet of 
fish. Aquaculture 79 223-244.
Ikoma T, Kobayashi H , Tanaka J, Walsh D & Mann S 2003 Microstructure, mechanical, 
and biomimetic properties of fish scales from Pagrus major. Journal of structural biology 
142 327-333.
Lock EJ, 0rnsrud  R, Aksnes L, Spanings FAT, Waagbo R & Flik G 2007 The vitamin D 
receptor and its ligand 1a,25-dihydroxyvitamin D 3 in Atlantic salmon (Salmo salar). 
Journal of endocrinology 193 459-471.
Lock EJ, Waagbo R, Wendelaar Bonga SE & Flik G 2010 The significance of vitamin D 
for fish: a review. Aquaculture Nutrition 16 100-116.
Lopez E, Peignoux-Deville J, Lallier F, Colston KW & MacIntyre I 1977 Responses of 
bone metabolism in the eel (Anguilla anguilla) to injections of 1,25-dihydroxyvitamin 
D 3 . Calcified tissue research 22 19-23.
Lopez E, MacIntyre I, Martelly E, Lallier F & Vidal B 1980 Paradoxical effect of 1,25 
dihydroxycholecalciferol on osteoblastic and osteoclastic activity in the skeleton of 
the eel Anguilla anguilla L. Calcified tissue international32 83-87.
Moss ML & Freilich M 1963 Studies on the acellular bone of teleost fish. Acta anatomica 
55 1-8.
Persson P, Takagi Y, Björnsson BT 1995. Tartrate resistant acid phosphatise as a marker 
for scale resorption in rainbow trout, Oncorhynchus mykiss: effects of estradiol-17ß 
treatment and refeeding. Fish physiology and biochemistry 14 329-339
Persson P, Sundell K, Björnsson BTh & Lundqvist H  1998 Calcium metabolism and 
osmoregulation during sexual maturation of river running Atlantic salmon. Journal 
offish biology 52 334-349.
Persson P, Shrimpton, J.M., McCormick, S.D., Björnsson, B. Th. 2000. The presence of 
high-affinity, low-capacity estradiol-17ß binding in rainbow trout scale indicates a 
possible endocrine route for the regulation of scale resorption. General and 
Comparative Endocrinology 120, 35-43.
Pinto PIS, Estêvâo MD, Redruello B, Socorro SM, Canàrio AVM, Power DM. 2009. 
Immunohistochemical detection of estrogen receptors in fish scales. General and 
Comparative Endocrinology 160, 19-29
Redruello B, Estêvâo MD, Rotllant J, Guerreiro PM, Anjos LI, Canàrio AVM & Power 
DM 2005 Isolation and characterization of piscine osteonectin and downregulation 
of its expression by PTH-related protein. Journal of bone and mineral research 20 682­
692.
Rotllant J, Redruello B, Guerreiro PM, Fernandes H, Canario AVM & Power DM  2005. 
Calcium mobilization from fish scales is mediated by parathyroid hormone related 
protein via the parathyroid hormone type 1 receptor. Regulatory peptides 132 33-40.
Sire J-Y, Girondot M & Babiar O 2000. Marking Zebrafish, Danio rerio (Cyprinidae), 
using scale regeneration. Journal of experiment zoology 286 297-304
155
Chapter 6
Sire J-Y & Akimenko M-A 2004 Scale development in fish: a review, with description of 
sonic hedgehog (SHH) expression in the zebrafish (Danio rerio). International journal of 
developmental biology 48 233-247.
Suzuki N, Suzuki T & Kurokawa T 2000 Suppression of osteoclastic activities by 
calcitonin in the scales of goldfish (freshwater teleost) and nibbler fish (seawater 
teleost). Peptides 21 115-124
Suzuki N & Hattori A 2002 Melatonin suppresses osteoclastic and osteoblastic activities 
in the scales of goldfish. Journal of pineal research 33 253-258
Suzuki N & Hattori A 2003 Bisphenol A suppresses osteoclastic and osteoblastic 
activities in the cultured scales of goldfish. Life sciences 73 2237-2247.
Takahashi H, Suzuki N, Takagi C, Ikegame M, Yamamoto T, Takahashi A, Moriyama S, 
Hattori A & Sakamoto T 2008 Prolactin inhibits osteoclastic activity in the goldfish 
scale: a novel direct action of prolactin in teleosts. Zoological sciences 25 739-745.
Urasa F, Flik G & Wendelaar Bonga SE 1985 Selective mobilization of phosphate from 
bone during ovarian development maturation in the teleost Oreochromis mossambicus. 
In: Fish culture. Promociones Publicaciones Universitarias, Barcelona, pp A 1.9.
Wendelaar Bonga, SE, Lammers PI & Van der Meij JCA 1983 Effects of 1,25- and 24,25- 
dihydroxyvitamin D 3 on bone formation in the ciclid teleost Sarotherodon 
mossambicus. Cell and tissue research 228 117-126.
Witten PE & Huysseune A 2009 A comparative vie won mechanisms and functions of 
skeletal remodelling in teleost fish, with special emphasis on osteoclasts and their 
function. Biological reviews 84 315-346.
Yamada J 1961 Studies on the structure and growth of the scales in the goldfish. 
Memoires of the Faculty of Fisheries, Hokkaido University IX: 181-226.
Yoshikubo H, Suzuki N, Takemura K, Hoso M, Yashima S, Iwamuro S, Takagi Y, 
Tabata MJ & Hattori A 2005. Osteoblastic activity and estrogenic response in the 
regenerating scale of goldfish, a good model of osteogenesis. Life sciences 76 2699­
2709
Zylberberg L & Nicolas G 1982 Ultrastructure of scales in a teleost (Carassius auratus L.) 
after use of rapid freeze-fixation and freeze-substitution. Cell and tissue research 223 
349-367.
156
Chapter 7
General discussion
Chapter 7
An endocrine system can be described as a system of glands or cells that produce hormones 
and release their excretions into the bloodstream to reach and act on target cells. 
Classically, endocrine hormones are considered to act at sites distant from their tissue of 
origin. However, now it is found that some secreted substances act at a distance (classical 
endocrines), or close to the cells that secrete them (paracrines), or even directly on the 
cell that secreted them (autocrines). The vitamin D endocrine system in fish involves 
many different tissues and several bioactive vitamin D 3 metabolites. These metabolites are 
synthesized in multiple tissues, and may exert endocrine, paracrine and autocrine actions. 
The fat-soluble metabolites are stored in adipose tissues or, necessarily, bound to specific 
vitamin D binding proteins in blood for transport to target cells. A series of receptors is 
found with specificities defined by organs and tissues. Activation of membrane-bound, 
G-protein-coupled receptors allows for rapid responses (seconds to minutes), activation 
of nuclear receptors leads to slower, and more pleiotropic responses, as the genes 
eventually targeted vary widely and are defined by the receptor-specific responsive 
elements (i.e. VDR-REs). Given the complexity of the vitamin D endocrine system, 
different approaches and techniques were used in this thesis to study selected aspects of 
the system, viz in-vitro scale culture and in-vivo studies, based on classical plasma 
analyses of hormone levels under varying physiological conditions. Several new insights 
on the vitamin D endocrine system were obtained for Atlantic salmon and Mozambique 
tilapia. The major findings for Atlantic salmon concern (1) a characterization of the 
canonical vitamin D receptor (VDR0), and its spliced variants VDR1 and VDR2, (2) 
cross-talk of the vitamin D  endocrine system with the vitamin A system and (3) 
involvement of the vitamin D endocrine system in the process of smoltification. For 
Mozambique Tilapia we describe (4) a primary scleroblast culture and demonstrate that 
(5) vitamin D regulates proteins/enzymes associated with mineralisation of the dermal 
skeleton. We will elaborate on these findings below.
The vitamin D  receptor in Atlantic salmon
Hormone receptors are classically divided into two groups: receptors for peptides and 
receptors for steroids. In the latter, which includes the classical nuclear VDR0, receptors
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typically function as transcription factors. Such nuclear hormone receptors (NRs) form a 
superfamily of transcription factors found throughout the animal kingdom (Reschly and 
Krasowski 2006). Activity of the NRs is controlled by small molecular ligands ranging 
from endogenous compounds, e.g. steroid hormones and bile salts, to xenobiotics, for 
instance as a result of the three-dimensional similarity between xenobiotics and 
endogenous steroids. Genome sequencing projects revealed some 47-49 NRs in 
mammalian species (Zhang et al. 2004). Teleostean fishes have a somewhat larger 
complement of NR genes compared to mammals due to several (evolutionary) early gene 
duplication events (Robinson-Rechavi and Laudet 2001, Jaillon et al. 2004, Hoegg et al.
2007). The vitamin D endocrine system is involved in many physiological processes 
(Jurutka et al. 2001, DeLuca 2004, Norman 2006, this thesis), and this is reflected by the 
ubiquitous expression of VDRs and the various bioactive D 3 metabolites (Craig et al. 
2008, Chapter 2 and 3). At present we have only limited information whether all the 
actions attributed to the vitamin D  endocrine system are carried out by a single nuclear 
VDR, especially in bone, where its actions are often equivocal or even contradictory 
(Chapter 1 and 2). So far, only one VDR has been positively identified: the canonical 
nuclear VDR (VDR0 in Atlantic salmon). However there is consensus that at least two 
more VDRs exists: a membrane 1,25(OH)2D3 receptor and a membrane 24,25(OH)2D3 
receptor (from the GPCR-superfamily; Chapter 2). Activation of non-genomic signal 
transduction pathways in target cells by vitamin D 3 metabolites has been demonstrated in 
several fish species (Nemere et al. 2000 in Cyprinus carpio, Larsson et al. 2002 in Gadus 
morhua, Craig et al. 2008 in Danio reno) and nowadays membrane-initiated signalling, long- 
denied, by steroid hormones is widely accepted (Hammes & Levin 2007). Two main 
theories on the mechanism behind rapid responses to 1,25(OH)2D3 exist. The first 
involves the recently identified membrane binding protein 1,25D3-MARRS (membrane- 
associated, rapid-response steroid-binding) in young chicks and appears to play a role in 
intestinal phosphate uptake (Nemere et al. 2004a; Nemere et al. 2004b; Rohe et al. 2007). 
The second involves the classical nuclear VDR: the conformational ensemble model for 
VDR activity proposed by Norman (2006). He suggested that chirality of 1,25(OH)2D3 
may translate into either slow classical genomic responses or more rapid responses 
(Norman et al. 2002; Huhtakangas et al. 2007, for more details see Chapter 3). Whether 
both mechanisms exist in mammals is still under debate and it remains to be seen whether
159
Chapter 7
these mechanisms exist in fish. What is does demonstrate is that our knowledge about the 
vitamin D endocrine system is far from complete and with the ever increasingly sensitive 
molecular biological and biophysical techniques, such as 3D modeling used for the 
conformational ensemble model, we can identify possible new pathways. A field of 
research that developed quickly in the last decade is indeed the molecular biology and 
along with it came many new tools that could be used in other areas of research. DNA- 
sequencing provided us with evidence for a VDR in Atlantic salmon (Chapter 3), a simple 
and logical approach to substantiate the vitamin D system as an endocrine in fish, not 
accomplished before (however simple).
Alternative splicing
Alternative splicing (AS) is found in all eukaryotes. More than half of the estimated 
30.000 human genes are alternatively spliced and of the multi-exon genes at least 74% is 
alternatively spliced (Johnson et al. 2003). In this event pre-mRNA which has been 
transcribed from one gene can be chopped and reconnected in different ways to yield 
various new mRNAs (Sammeth et al. 2008). The major forms of alternative splicing are 
exon-skipping, alternative 3’ splice site usage, alternative 5’ splice site usage, linking of 
normally mutually exclusive exons, start-reading of alternative initial exons, use of 
alternative terminal exons and intron retention. In many cases these forms of splicing are 
combined to generate more complicated alternative splicing events (Wang and Burge
2008).
Chapter 3 provides the first report on alternative splicing of a VDR in a teleost, 
and it was at the time of description the second time VDR-splicing was reported for any 
vertebrate. When chapter 3 was published reports on AS events were scarce, but since 
then alternative splicing due to intron retention was reported for several other teleostean 
species (Mechaly et al. 2009 in Solea senegalensis, Fernandes et al. 2007 in Takifugu rubripes 
and Navarro-Martín et al. 2009 in Dicentrarchus labrax). Reports on AS events in fish 
increase in number rapidly and the high number of alternatively spliced genes found in 
humans may have predictive values for fish species as well. After years of scepticism, and 
discarding spliced products as e.g. ‘ghost genes’, alternative splicing is now accepted as a
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main mechanism to generate protein diversity from a somewhat limited set of genes. 
Intron retention of both the salmon VDR1 (intron 7) and VDR2 (intron 6) occurs in the 
E /F  domain; as a consequence both receptors will be impaired in RXR- 
heterodimerization and ligand binding. Ebihara and colleagues (1996) were the first to 
demonstrate AS in the murine VDR (in the E /F  domain) and concluded that homodimer 
spliced variants may compete at specific VDR responsive elements and by doing so 
prevent actions of the canonical VDR. Today, with new insights of Norman (2006) who 
postulated that the nuclear VDR could be responsible for membrane-receptor initiated 
effects, the impairment to bind RXR could be obsolete. Also, with a different folding of 
1,25(OH)2D3 or another VD 3 metabolite, ligand binding to VDR1 and VDR2 could still 
be possible. The question remains whether these transcripts are translated into significant 
amounts of protein and if so, if this protein has any biological significance (at this 
moment). Remarkably, we have observed intron retention in the E /F  domain in common 
carp (Cyprinus carpio) VDR (AJ784084) as well. Teleosts and mammals shared a common 
ancestor 450 million years ago (Hoegg and Meyer 2005). The VDR splice variants appear 
to have ‘survived’ during a significant time of evolution, which on its own suggests a 
functional role for these variants.
Cross-talk between vitamin A  and vitamin D?
In Chapter 2 we briefly summarized the effects of 1,25(OH)2D3 on bone tissue and 
observed that published studies contradict each other. We postulated that the 
contradictory results were generated due to other factors involved and not controlled, e.g. 
plasma mineral (calcium, phosphorus) levels and activity of other calciotropic hormones 
(see figure 1). Prolactin, calcitonin, growth hormone, retinoic acid (RA) and somatolactin 
may all directly or indirectly affect bone physiology in fish (W endelaar Bonga & Lammers 
1982, Ornsrud et al. 2002, Mukherjee et al. 2004, Redruello et al. 2005, Takahashi et al.
2008). With so many hormones involved in bone physiology, it seems eminent that cross­
talk, i.e mutual interferences, and bidirectional communications (e.g. synergistic effects or 
interdependencies for physiological effects) between hormones exists to regulate or 
modulate processes and give direction for instance to proper bone development. RA and
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calcitriol share several tissues, including bone, as target and interactions between these 
vitamins and /or their metabolites are most likely, not in the least because of the 
heterodimerization events of their respective receptors. Indeed, in several mammalian 
species an antagonistic interaction between RA and CTR has been observed (Clark 1964; 
Metz 1985; Aburto 1998, Rohde and DeLuca 2005) and transactivation of the RXR/VDR 
heterodimer by retinoids which induces CYP3A expression has been demonstrated 
(Wang et al. 2008). The interaction between RA and CTR also appears to occur in Atlantic 
salmon (Chapter 5). RA injections reduced plasma calcitriol values, in line with a direct 
involvement of RA in calcitriol metabolism. Interestingly, while gene expression of the 
bone matrix gla protein and bone-specific collagen type 1-alpha are down-regulated by 
RA injection, alkaline phosphatase mRNA expression is up-regulated. This combination 
of effects could, in the longer term, influence bone development and lead to bone 
malformations. Malformations of the vertebral column are frequently observed in farmed 
Atlantic salmon and have a negative impact on the fish’s performance and raise concerns 
about the fish’s welfare (Kvellestad et al. 2000, Witten et al. 2005, Huntingford et al. 2006, 
Chapter 4). Various risk factors are linked to bone deformities in farmed Atlantic salmon, 
including genetics, diseases, environmental contaminants, nutrient deficiency (e.g. vitamin 
C and phosphorus), fast growth and vaccination (Berg et al., 2006; Kent et al, 1989; Lall 
and Lewis-McCrea, 2007; Fjelldal et al 2006, 2009). Moreover, feed composition varies 
highly in vitamin A and D content in a season dependent fashion, i.e. depending on 
whether the fish used to produce fish oil were caught in a specific season, with A and D 
levels being high in spring/summer and low in winter.
Bone deformities normally become manifest at a later stage of development and are often 
caused by multiple factors, which makes the identification of the exact cause(s) very 
difficult (Vâgsholm and Djupvik, 1998). High dietary doses of VA (as retinyl acetate) have 
been demonstrated to cause bone malformations both in larvae and in adult fish 
(Takeuchi et al. 1998, 0rnsrud  et al. 2002, Moren et al. 2004, Fernández et al. 2009). Cross­
talk with the vitamin D  endocrine system could (in part) be at the basis of these 
malformations.
The likely cross-talk between RA and calcitriol warrants further studies into 
estimations of dietary minimum and maximum vitamin levels. Despite a large body of 
nutritional research on Atlantic salmon, surprisingly little is known on nutrient minimal
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requirements and even less on practical requirements for adult fish (Feed report 
AKVAFORSK-NIFES 2008). Currently used requirement levels are mainly based on 
information from evaluations performed before 1993 (NRC 1993). Studies in rainbow 
trout indicate that these recommendations do not fulfill current requirements (Barrows et 
al. 2008). Constant improvements in e.g. brood stock genetics, feed formulation, 
vaccination, husbandry, and management practices make it possible to grow salmon to 
marketable size in ever shorter time spans. Along with the increased growth rate, the 
minimum requirement for the different nutrients most likely has increased, leading to a 
potentially increased occurrence of deficiency-related diseases (Waagbo 2008). The 
requirement of vitamins in Atlantic salmon was established several times (Halver 1982, 
Woodward 1994, Lall & Lewis-McCrea 2007), however levels are still calculated on the 
basis of a single vitamin under investigation. A more integrated approach, using multiple 
variables is now indicated, because different vitamins show interactions with each other at 
the endocrine level. The endocrine system is very sensitive compared to the vitamin 
system that are the source of the related endocrines. This notion needs more attention in 
fish aquaculture.
Early involvement of the vitamin D  endocrine system in smoltification
Water chemistry may have dramatic effects on plasma levels of hormones in fish, 
including calcitropic hormones in which the calcitriol system plays a key role (Fig. 1; 
Hilton 1989; Takei 2008). Increased binding of 24,25(OH)2D3 to enterocyte basal lateral 
membranes (BLM) in rainbow trout during acclimation to SW appears to be a direct 
effect of a change in water chemistry (Larsson et al. 2003; Sundh et al. 2007). However, if 
these effects are solely and directly linked to water chemistry remains to be seen (Flik et al.
2009). Anadromous fish, such as most salmon species live in FW and SW depending on 
their life stage. Born in FW they will migrate to SW, and this implies a switch in ambient 
calcium from hypocalcic freshwater (<1.25 mM Ca2+; compared to the plasma: 1.25 mM 
Ca2+) to significantly hypercalcic seawater (8—12 mM Ca2+). This switch in ambient 
calcium requires preparatory physiological acclimation, called parr-smolt transformation 
or smoltification. During this process many morphological changes occur, for example a
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reorganisation towards a different type of chloride cell when the salmon parr undergoes 
smoltification and prepares for seawater with its requirement for fully rearranged ion 
transport activities at the level of the gills (Pisam et al. 1988; Flik et al. 2009). Other 
hormones are also involved in chloride cell reorganisation, including growth hormone and 
cortisol (McCormick 1996). Plasma levels of vitamin D 3 metabolites are clearly different 
in the FW and SW environments; interestingly, before salmon enter SW, plasma levels of 
vitamin D 3 metabolites and the gene expression of the VDR are changing towards an 
apparent SW- status (Graff et al. 2004; Lock et al. 2007). Apparently, the vitamin D 
endocrine system is intimately involved in the smoltification process and takes part in the 
preparatory physiological acclimation occurring in FW. Direct evidence of the role of the 
vitamin D endocrine system in regulation of (other) calcitropics, the functioning of the 
immune system, and cellular proliferation and differentiation in fish is scant, yet 
supported by observations in mammals (Bikle 2008) combined with a clear role for the 
calcitriol system in fish demonstrated here warrants further studies in these important 
areas of research with significant bearing fro aquaculture practices.
Primary scleroblast culture
The scleroblast culture described in Chapter 5 offers at least two unique possibilities to 
study aspects of fish bone physiology. Firstly, the culture utilizes scleroblasts growing on 
their natural substrate, the scale matrix. Furthermore, the original cell-to-cell contact 
between the scleroblasts remains intact. Both the natural substrate and the cell-to-cell 
contact are critically important for normal behaviour of scleroblasts (Bereiter-Hahn and 
Zylberberg 1993). Secondly, the use of regenerating scales makes isolation of scleroblasts 
at exactly the desired developmental stage possible. Before we elaborate on this we have 
to justify the use of the word ‘bone’ when talking about ‘scales’.
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In the Oxford illustrated dictionary we find the following definations:
bone: one of the parts making up the skeleton of a human being or other vertebrate;...
skeleton: hard internal or external framework of bones, cartilage, shell,, woody fibre, etc., supporting or 
containing animal or vegetable body;...
scäle: one of the small thin membranous horny or bony outgrowths or modifications of skin in many fishes, 
reptiles, etc, frequently overlapping, and forming covering for (part of) the body;...
Bone is a broad term and according to the above definitions one could easily argue that a 
fish scale, as part of the integumental skeleton, indeed can be classified as bone, i.e. 
dermal bone. Sometimes bone is defined by its composition, caldum phosphates and proteins, 
by which scales also qualify as bone. However, different scientific disciplines use the term 
‘bone’ in different ways. In physiology terms are often used more flexibly compared to e.g. 
morphology. Byers (1994) wrote: ‘Bone is a tissue, an organ and an organ system. Different 
considerations come into play at each of these levels. They range from molecular to physical. ' A 
physiologist considers bone an organ system and a morphologist has strict definitions on 
the many structures found that make up bone. A true definition of bone therefore does 
not exist, which in some cases makes communication between disciplines difficult.
In the majority of (mammalian) bone cell cultures, a preosteoblast cell line is plated 
onto a scaffold material and stimulated (e.g. with bone morphometric proteins) to 
differentiate into mature osteoblastic cells. In more advanced cultures osteoblasts are co­
cultured with osteoclasts. Substrates used in these in-vitro cultures include dentine/bone 
slides, hydroxyapatite coated material (sometimes ‘enriched’ with peptides) and polymer 
substrates (e.g. carbon nanotubes). Successful attachment of the cells to this (artificial) 
substrate is a common problem (Marquis et al. 2009). Bone proteins and minerals play an 
important role in cell attachment and behaviour of both osteoblasts and osteoclasts 
(Bereiter-Hahn and Zylberberg 1993, Drevelle et al. 2010). Establishing a proper cell-to- 
cell and cell-to-substrate interaction is crucial for the success of a culture. In fish bone cell 
culture, seeding of (pre)osteoblasts is always done on an artificial substrate or a substrate 
of mammalian origin. Furthermore, to the best of our knowledge, no osteoblast or
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osteoclast fish cell line is available. Cells must be isolated from fish bone, an extensive 
procedure which requires sacrificing fish. When harvesting scales of a fish, a culture that 
consists of a cellular component and a natural mineral component is immediately realised 
without sacrificing fish, as the scales can simply and easily be plucked from the skin; the 
skin reseals in a matter of 1-2 hours. The scale that regenerates after removal also offers 
unique possibilities. The calcium/phosphate ratio in the regenerating scale indicates that 
the composition of the calcium phosphates changes over time (Chapter 6). On day four, 
the calcium/phosphate ratio approaches unity, indicative of brushite. The ratio increases 
rapidly, within 24 hours, to a maximum of 1.60, which indicates that less soluble calcium­
phosphate complexes are formed, such as defective hydroxyapatite and hydroxyapatite, 
with a calcium/phosphate ratio of respectively 1.50 and 1.67 (Driessens, 1982). The ratio 
stabilizes around 1.5, which is characteristic for bone mineralized with an “apatite 
mixture” (Urasa et al., 1985). Concurrently, the ALP activity increases, a typical marker for 
osteoblasts differentiation (Yamaguchi et al. 2000). The regenerating scale offers 
possibilities to study scleroblast differentiation in vitro.
The administration of calcitriol stimulates ALP production by scleroblasts and 
implies a distinct role for calcitriol in mineralization and growth of teleost scales via a 
genomic mode of action. In previous experiments with Mozambique tilapia scales (data 
not included in this thesis) we observed that ALP activity increased during the first 24 
hours and was at control levels again after 48 hours. This is likely a result of receptor 
down-regulation after long exposure to its ligand and is a well-known phenomenon for a 
variety of steroid and peptide receptors, both transcription factors and membrane-bound 
receptors (e.g. ACTH receptor), and is considered to be a safety mechanism to avoid 
excessive action of an effector (Aguilera 1994).
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Perspectives
Fish scale culture
The primary fish scale culture is many-sided and easy to handle, it offers numerous 
possibilities for future research. After scale removal a (rapid) differentiation from 
mesenchymal cells to osteoblasts follows, a process known as osteo-induction. This 
process is an interesting item of study as little is known about stimuli, signal-perception 
and the transformation of the mesenchymal cells to osteoblasts. The empty scale pocket 
provides an easy accessible model for osteogenesis studies.
Osteoblasts on fish scales, regenerating or ontogenetic, form a monolayer of 
pseudo-epithelium (Bereiter-Hahn and Zylberberg 1993). This epithelium was already 
successfully placed in an Ussing-chamber (data not included in this thesis), that allows the 
measurement of epithelial transport (calcium and phosphorus) activity and short-circuit 
current. Pilot experiments with seven days regenerated scales in an Ussing chamber setup 
indicate that the osteoblast layers (interrupted on the exo-side) but forming a continuous 
monolayer on the endo-side, that is rather leaky (high conductance; 180 ± 30 m S/cm 2), 
yet presents resistance. This set up can be used to measure osteoblastic contribution to 
calcium-transport.
Silicium is required for matrix stability and normal mineralization of skeletal tissue, 
but the exact role and the silicium species involved remains unclear. Pilot experiments 
with tilapia scales (data not included in this thesis) showed that both regenerating and 
ontogenetic scales contain silicium levels of approximately 15 nmol silicium per scale. 
Related to calcium levels in scales, the amount of silicium is approximately 4% in 
regenerating scales and around 1.5% in ontogenetic scales. This seems in accordance with 
the proposed role for silicium in young bone. The model osteoblast culture provides a 
system in which silicium is likely to be vital for normal mineralization. Studies on silicium 
in fish scales could bring new insights and understandings in the biological role for 
silicium in vertebrate bone physiology in general.
Temperature is a pervasive factor for osteogenesis and mineralization processes 
(Boskey 2003). In the present study scales were cultured at 25 °C. As the Mozambique 
tilapia thrives at temperatures up to 40 °C, this culture provides opportunities to study
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faster processes. When processes require a slower analysis, other fish models can be used. 
Salmon grows well at temperatures of 10 °C, while common carp can grow at 
temperatures as low as 3 °C. The possibility to culture scales at different temperatures 
provides numerous unique and various models for studying osteogenesis and 
mineralization processes at the wish of the experimentator and this is unique in bone 
physiology compared to the limitations inherent to culture conditions for mammalian 
bone.
Detoxification by vitamin D  receptors
A potential and unexpected (ancient) function of the VDR could be the 
involvement in the breakdown of secondary bile acids. Whitfield and colleagues (2003) 
demonstrated the presence of an intact and (potentially) active vitamin D  receptor in 
lamprey (Petromyzon marinus) (lampVDR), a representative of an ancient jawless vertebrate, 
since such fish lack a calcified skeleton and calcified teeth. This finding raises questions 
about the original function of the VDR. One of the suggestions of the authors for the 
function of the lampVDR is a role as sensor for endogenous or exogenous toxins and as 
inducer of CYP enzymes to detoxify them. In this respect it is of interest that Makishima 
and colleagues (2002) demonstrated that the bile acids lithocholic acid (LCA) and 3-keto- 
LCA competed effectively with [3H]1,25(OH)2D3 for binding to the human VDR. 
Moreover, CYP3A promoters became at least 10 times more sensitive to VDR when 
activated by LCA. This places the VDR in a group of nuclear receptors like the pregnane- 
X-receptor (PXR), constitutive androstane receptor (CAR, so far not demonstrated in 
fish), farnesoid X receptor (FXR) and liver X receptor (LXR) that all function as lipid 
sensors and mediate detoxification for their ligands. Makishima and colleagues (2002) 
propose this model to explain the protective effect of vitamin D against colon cancer. 
Whether lampVDR or any teleost VDR has affinities for bile acids, has not been 
documented. Craig and colleagues (2008) however observed no change VDR expression 
in zebrafish intestinal tissues following LCA exposure. Ligand selectivity of the VDR is 
highly conserved across vertebrate species from Agnatha to mammals, underlying an 
ancient and important role for the vitamin D endocrine system (Reschly et al. 2007).
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Figure 1. Schematic overview of the vitamin D endocrine system in fish. Vitamin D 3 from the diet is 
converted into the more polar metabolites, 1,25(OH)2D3 and 24,25(OH)2D3 in liver and kidney. The 
metabolites are transported in the blood to target organs, where specific receptors are found. Activation of 
the receptor is followed by the subsequent generation of appropriate biological responses, which include 
slow genomic responses and rapid GPCR-mediated responses. A number of these responses are targeted 
to control plasma levels of calcium and phosphorus, which in turn affect levels of bio-active vitamin D 3 
metabolites. Other calciotropic hormones are also involved in plasma calcium (and phosphorus) 
homeostasis and can interact with the vitamin D endocrine system. External stimuli, e.g. ambient calcium 
concentration and light, affect plasma hormone levels, including vitamin D 3 metabolites. Topics discussed 
in this thesis are underlined; VDRs in Chapter 3; the targets bone & scales in Chapters 4 and 6 ; 
smoltification in Chapter 3; light regime in Chapter 4 and retinoic acid in Chapter 5.
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S U M M A R Y
Prevention of skeletal deformities is a major challenge in salmon aquaculture; there is 
both concern for animal welfare and for downgrading of the end product. Bone 
deformities normally become manifest at later stages of development, and this makes it 
difficult to trace the cause of deformities. Nutrition, genetics, environmental stressors, 
vaccination, fast growth and seawater transfer are all risk factors. The vitamin D system is 
an important regulator of calcium and phosphorus homeostasis and crucial to proper 
bone development. In this thesis we have investigated several areas where the vitamin D 
endocrine system, calcium metabolism and bone metabolism interact.
In chapter 1 we explore fish bone, a tissue that will take a central place in this thesis. Fish 
are vertebrates with a highly divergent make-up of bone. As we will see the term ‘fish 
bone’ is used too indiscriminately for many different types. Whilst mammalian bone is 
(mostly) cellular, some fish have acellular bone, i.e. without osteocytes. Another ‘bony’ 
tissue found in fish is represented by scales. Scales serve a protective role, and act as a 
mineral sink/reservoir for calcium and phosphorus. These elements are found in 
(defective) apatites and brushite associated with the scale and can be liberated from the 
scale tissues through a shift in exchange processes as well as by osteoclastic activities. The 
lytic activity of osteoclastic enzymes is under multiple hormonal control, e.g. parathyroid 
hormone related peptide, estradiol and, as we demonstrate in chapter 7, also calcitriol.
In chapter 2 we summarize the major characteristics of the fish vitamin D endocrine 
system. The hydroxylation of vitamin D to more polar metabolites, their plasma levels 
and protein-bound transport in blood plasma are discussed. The Vitamin D Receptor 
(VDR) profile, VDR distribution and VDR-responses to vitamin D are reviewed for key 
target tissues (gill, intestine, kidney and bone). We address the classical slower actions of 
the vitamin D metabolite calcitriol through transcription factor pathways as well as 
through faster G-protein coupled (membrane) receptor routes. We then review the issue 
of vitamin D dietary requirements for several fish species in aquaculture practices.
In chapter 3 we explore the vitamin D endocrine system in Atlantic salmon (Salmo salar). 
Firstly, we report the full sequence of the nuclear vitamin D receptor (sVDR0) and two 
alternatively spliced variants of the receptor (sVDR1 and sVDR2). Secondly, we follow 
VDR transcription during different life stages of the Atlantic salmon; we further have
175
measured plasma levels of vitamin D metabolites. Both the transcription of sVDR0 and 
the plasma levels of calcitriol in parr (freshwater stage) differ from those in adult fish 
(seawater stage). Interestingly, in smolts (freshwater fish ready to migrate to sea) the 
profile resembled that of adult fish and not of parr, a calcemic pre-adaptation in 
freshwater.
During smoltification the fish prepares itself for life at sea and undergoes morphological 
as well as physiological transformation. This process it triggered by external stimuli of 
which day length is most important. In commercial smolt production, artificial 
photoperiods and elevated temperature are employed to produce off-season smolts for a 
continuous supply to the fish farming industry. In chapter 4 we examined how this 
artificial induction of smoltification affects bone strength in Atlantic salmon. We found 
that artificially induced smoltification may result in a faster growth and an earlier onset of 
smoltification compared to fish kept under natural light and temperature conditions. 
However, artificial induction leads to a lower mineral content and stiffness of the 
vertebral column and finally may result in a higher incidence of vertebral columnar 
deformities. Plasma concentrations of total Ca and P, and calcium activity (Ca2+) were 
higher in artificial smolts. Although the exact underlying cause of these effects is not yet 
clear, this study demonstrates the complexity of the smoltification process and the care 
one should take when interfering with such key event in the life of this species. During 
smoltification a multitude of factors interact, and the vitamin D endocrine system 
(chapter 3), appears (at least in part) to fine-tune the process.
The vitamin D system not only responds to external cues but also to internal stimuli. In 
chapter 5 we describe a (for fish) novel cross-talk between vitamin D and vitamin A. 
Intraperitoneal injection of retinoic acid, the active metabolite of vitamin A, decreases 
plasma levels of calcitriol and results in a lowered transcription of several genes involved 
in bone matrix formation. However, the transcription of the gene coding for alkaline 
phosphatase, a marker for bone mineralization, increased. Indeed, calcium transport 
across the intestinal epithelium increased in retinoic acid treated fish, as a reflection of 
higher demand for calcium. Thus, retinoic acid inhibits matrix formation and activates 
genes involved in matrix mineralization. Suppression of plasma calcitriol levels could 
partly explain the effects of retinoic acid on bone. The interplay of the two fat-soluble 
vitamins in bone as demonstrated here in vivo deserves more attention in aquaculture
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related research, albeit because feed content in vitamin A and D is known to vary 
significantly as a result of seasonal input of by-catch (with seasonal variation in vitamin 
contents) in fish feed production.
In chapter 6 we describe scale regeneration in the Mozambique tilapia (Oreochromis 
mossambicus). We demonstrate that the regeneration process can be followed by measuring 
alkaline phosphatase activity and calcium and phosphate content of scales. We also 
demonstrate that the regenerating scales respond to calcitriol that increases alkaline 
phosphatase activity (osteoblast marker) and not tartrate-resistant acid phosphatase 
activity (osteoclast marker). The response to calcitriol appears to follow a biphasic 
pattern, with an optimum in the physiological range of calcitriol concentrations; too high 
concentrations turned out to be inhibitory when alkaline phosphatase activity is taken as 
readout.
In the last, chapter 7, we discuss novel findings of the thesis in more detail. A more 
extensive knowledge on alternatively spliced transcripts and post-translational 
modifications of VDRs is predicted to be a prominent future research topic. Our 
knowledge on interactions between nutrients and essential dietary components as well as 
toxicants is fragmentary at best and such basic knowledge is required to better understand 
the complex process of smoltification. Our major findings are combined with the 
pertinent existing knowledge and summarized in a scheme presented in chapter 7 that 
may serve to stimulate a better aquaculture of fish.
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S A M E N V A T T I N G  (S U M M A R Y  I N  D U T C H )
Het voorkómen van skeletafwijkingen vormt een belangrijke uitdaging voor de intensieve 
zalmkweek. Skeletafwijkingen zijn vaak direct zichtbaar in een vis en roepen daarmee 
direct bezorgdheid op omtrent zaken als het welzijn van de dieren, maar ook tot 
waardevermindering van het eindproduct. Botafwijkingen manifesteren zich vaak pas in 
een later stadium van de ontwikkeling, wat het achterhalen van de exacte oorzaak 
bemoeilijkt. Voeding, genetica, milieu-invloeden, vaccinatie, snelle groei en het moment 
van de migratie naar zee zijn belangrijke risicofactoren.
Het vitamine-D endocriene systeem is een belangrijke regulator van calcium- en 
fosfaathomeostase en van cruciaal belang voor een goede botontwikkeling. In dit 
proefschrift hebben we verschillende punten waar het vitamine D endocriene systeem, de 
calciumhuishouding en het botmetabolisme met elkaar een interactie aangaan nader 
onderzocht.
In hoofdstuk 1 beginnen we met het verkennen van vissenbot, een weefsel dat een 
centrale plaats inneemt in dit proefschrift. Vissen zijn gewervelde dieren met een zeer 
divergente opmaak van bot. Zoals we zullen gaan zien wordt de term "vissenbot" gebruikt 
voor vele verschillende typen weefsels. Terwijl bot bij zoogdieren (meestal) cellulair is, 
hebben verschillende vissoorten acellulair bot, dat wil zeggen bot zonder ingekapselde 
osteocyten. Een andere ‘botweefsel’ in vis vindt men in de schubben. Naast de 
beschermende eigenschappen van een schub voor de vis, dient het als een 
mineraalreservoir voor calcium en fosfaat. Deze mineralen worden in de schub 
opgeslagen in de vorm van de calciumfosfaten apatiet en brushiet; calcium en fosfaat 
kunnen worden vrijgemaakt uit bot door een balansverschuiving van netto kristalaanmaak 
naar kristalafbraak (het fysisch-chemisch uitwisselingsproces) of, meer gericht, door het 
realiseren ( door osteoclasten) van een compartiment met lage zuurgraad en specifieke, 
zuur-ongevoelige lytische enzymen. De activiteit van deze enzymen is onder controle van 
verscheidene hormonen, onder meer parathyroïdhormoon- gerelateerd peptide en 
estradiol.
In hoofdstuk 2 vatten we de belangrijkste kenmerken van het vitamine-D endocriene 
system in vissen samen. De hydroxylering van vitamine D tot meer polaire metabolieten 
(zoals bijvoorbeeld calcitriol), de plasma niveaus van de metabolieten en het eiwit-
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gebonden transport in bloedplasma worden besproken. Het Vitamine D Receptor (VDR) 
profiel, VDR-distributie en VDR-geïnitiëerde effecten zijn opgesomd voor de 
belangrijkste weefsels (kieuw, darm, nier en bot). We zullen de klassieke langzame 
effecten via transcriptiefactoren, alsook de snellere G-eiwit gekoppelde (membraan-) 
receptor gemedieerde effecten bespreken. Tenslotte evalueren we de benodigde 
hoeveelheid vitamin D in visvoer voor verschillende vissoorten.
In hoofdstuk 3 hebben we nader gekeken naar het vitamine-D endocriene systeem in 
Atlantische zalm (Salmo salar). We beschrijven eerst de volledige sequentie van de 
zalmvariant van de VDR (sVDR0) alsmede van twee splice-varianten van deze receptor 
(sVDR1 en sVDR2). Vervolgens hebben we bekeken hoe de transcriptieniveaus van deze 
receptoren liggen tijdens de verschillende levensfasen van de Atlantische zalm en 
gelijktijdig de belangrijkste metabolieten van vitamine-D in het plasma gemeten. Zowel 
transcriptie van sVDR0 als de plasmaspiegels van calcitriol in de zogenaamde parr-fase 
(zoetwaterfase) verschillen van die in de adulte vis (zeewater fase). Echter, in de 
zogenaamde smolts (zoetwater vissen vlak voor migratie naar zee) leek het profiel veel 
meer op dat van de adulte vis en niet op dat van de parr, een ‘calcemische pre-adaptatie’ 
in zoet water.
Tijdens smoltificatie bereidt de vis zich voor op het leven in zee en ondergaat 
morfologische en fysiologische veranderingen. Dit proces wordt in gang gezet door 
externe prikkels waaronder daglengte een heel belangrijke plaats inneemt. In de 
commerciële teelt van jonge vis worden kunstmatige fotoperiodes en verhoogde 
watertemperaturen ingezet om buiten het seizoen jonge vis aan te leveren. In hoofdstuk 
4 hebben we onderzocht hoe deze kunstmatige inductie van smoltificatie van Atlantische 
zalm de gezondheid van het bot beïnvloedt. We vonden dat deze kunstmatige inductie 
resulteerde in een snellere groei en vervroegde smoltificatie ten opzichte van vissen onder 
natuurlijke licht- en temperatuurcondities. Echter, kunstmatige inductie leidde tot een 
lager mineraalgehalte en afgenomen hardheid van de wervels en resulteert in een hogere 
incidentie van misvormingen van de wervelkolom. Plasmaconcentraties van calcium, 
fosfaat en de calciumactiviteit (Ca2+) waren hoger in de kunstmatig geïnduceerde smolts. 
Hoewel de precieze oorzaak van deze effecten nog niet duidelijk is, toont deze studie de 
complexiteit van het smoltificatie proces aan en duiden de bevindingen op een groot 
belang van een gezonde botfysiologie. Smoltificatie is een proces dat gestuurd wordt door
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een veelheid van factoren, waar het vitamine-D endocriene systeem (hoofdstuk 3) ook 
deel van uitmaakt.
Het vitamine-D systeem reageert niet alleen op externe stimuli, maar ook op interne 
stimuli. In hoofdstuk 5 beschrijven we een voor vissen nieuw beschreven interactie 
tussen vitamine D en vitamine A. Intraperitoneale injectie van vitamine A verlaagt de 
plasma niveaus van calcitriol en resulteert in een lagere transcriptie van verschillende 
genen die betrokken zijn bij de vorming van botmatrix. Echter, transcriptie van het gen 
dat codeert voor alkalische fosfatase, een marker voor botmineralisatie, neemt toe. Ter 
ondersteuning hiervan blijkt ook het calciumtransport over het darmepithelium verhoogd 
te zijn, en dit wijst op een grotere vraag naar calcium om bot te kunnen 
aanmaken. Blijkbaar remt vitamine A enerzijds de aanmaak van botmatrix, maar activeert 
het ook genen die betrokken zijn bij het mineralisatieproces. Het samenspel van de twee 
vetoplosbare vitamines op bot in vivo verdient meer aandacht in aquacultuuronderzoek, al 
was het omdat de hoeveelheid vitamine A en D in visvoer aanzienlijk kan variëren als 
gevolg van seizoensgebonden verschillen in vitaminesamenstelling van de ruwe 
grondstoffen (visolie, vismeel).
In hoofdstuk 6 beschrijven we de regeneratie van schubben in de Mozambique tilapia 
(Oreochromis mossambicus). We laten zien dat de verschillende stadia van het 
regeneratieproces kunnen worden gevolgd door het meten van activiteit van het alkalisch 
fosfatase en het calcium- en het fosfaatgehalte van de schub. We tonen ook aan dat 
regenererende schubben reageren op calcitriol door een verhoging van alkalische fosfatase 
activiteit (osteoblast marker), maar niet van tartraat-resistente zure fosfatase activiteit 
(osteoclast marker). Bovendien zijn er twee fasen te onderscheiden in de respons van 
alkalische fosfatase activiteit op calcitriol, met een optimum binnen het normale 
fysiologische bereik van calcitriol; met toenemende concentraties vervaagt evenwel het 
positieve effect op de alkalische phosphatase activiteit.
Tot slot bespreken wij in hoofdstuk 7 de nieuwste bevindingen van het proefschrift in 
meer detail. Een betere kennis over de VDR splice-varianten en post-translationele 
modificaties van de receptoren wordt voorspeld belangrijk betere inzichten te geven in de 
rol van het vitamine-D systeem in vissen. Onze kennis over de wisselwerking tussen 
voedingsstoffen en andere essentiële voedingscomponenten alsmede toxische stoffen is 
vooralsnog fragmentarisch. Echter, dergelijke kennis is nodig om complexe processen,
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zoals smoltificatie, te begrijpen. Onze belangrijkste bevindingen zijn gecombineerd met 
de relevante bestaande kennis en samengevat in een schema in hoofdstuk 7, dat gebruikt 
kan worden in toekomstig onderzoek.
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Allereerst uiteraard mijn beide promotores. Beste Gert, ik ben je reuze erkentelijk 
voor de mogelijkheid die jij mij gegeven hebt om dit onderzoek te doen. Ik heb veel van 
je geleerd. Het leren om zelfstandig te denken en te werken, om een ‘kritische 
onderzoeker’ te worden, is voor mij zeer waardevol geweest. Maar ook je nooit aflatende 
enthousiasme en stimulerende opmerkingen zijn voor mij van grote betekenis 
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Beste Sjoerd, jij bent uiteindelijk degene geweest die dit project in gang heeft gezet. 
Het geld ervoor hebt binnengehaald. Toen ik begon was jij decaan van de faculteit en 
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bleef je op afstand nauw betrokken bij mijn onderzoek en wist je mij in de schaarse tijd 
die hiervoor beschikbaar was toch altijd weer een paar inspirerende tips te geven. 
Van jouw kritische op- en aanmerkingen op mijn manuscripten heb ik veel 
geleerd, waarvoor mijn grote dank.
Ook wil ik hier de leden van de manuscriptcommissie, Eric, Mari, Rune en Jim, 
bedanken voor hun tijd en moeite om dit proefschrift kritisch te beoordelen. A special 
word of thanks to the Canadian committee member. Dear Jim, I am very grateful and 
honoured for agreeing to serve as an external referee, for your sincere interest and 
comments. Sorry, that my thesis could not be finished this summer, which would have 
been more convenient to you, but mind you, January is a great season for cauliflower!
Vanzelfsprekend verdienen de staf op het lab en de ‘buren’ een grote pluim. Peter, 
Daisy, Tom, Tony, Wim, Feico, Peter C., Debbie, Ron en Frouwke allen hartelijk bedankt 
voor jullie hulp en adviezen in het lab en voor de lol daarbuiten. Jullie waren onmisbaar.
Ook grote dank aan mijn collega-aio’s. De meeste tijd in Nijmegen deelde ik een 
kamer met Juriaan, Edwin, Gideon en Wout. Ik ben geen dag met tegenzin naar het werk
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fotograferen in Turkije met Juriaan, Ed en Erwin heb ik enorm genoten. Onvergetelijke 
tijden. Wanneer gaan we weer een keer op avontuur?
Daarnaast wil de andere aio’s, Paco, Joris, Peter W., Iain, Angela, Ellen, Marinella, 
Aniko, Geert, Maarten, Nicole, Tom, Diane, Miyuki, Lu Xu, Balázs, Jonathan en Adhanet 
hartelijk bedanken voor hun collegiale steun.
Een speciaal woord van dank verdienen mijn fanatieke MSc studenten. Marnix, jij 
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onderzocht. Ik zal nooit vergeten toen je mij dol enthousiast kwam zeggen dat je de 
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Noorwegen, zijn momenten waar ik met veel pezier naar terugkijk. Gelukkig heeft Gert je 
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duidelijk laten zien hoe sterk en onafhankelijk je bent. Ik was erg onder de indruk van je 
positieve houding en doorzettingsvermogen. Na de kou in Noorwegen ben je naar het 
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Karin, jij bent toch wel de meest opgewekte student geweest. Jouw subtiele sociale 
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